— 

y 3. N 


60VT. DOC. 


NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 

TECHNICAL NOTE 
No. 1349 

PERFORMANCE AND RANGES OP APPLICATION OF VARIOUS TYPES 

OF AIRCRAFT-PROPULSION SYSTEM 

By Cleveland Laboratory Staff 

Flight Propulsion Research Laboratory 
Cleveland, Ohio 


Washington 
August 1947 


eew . 3 T ATB - 

BUSINESS, SCIENCE 
& TECHNOLOGY •U"T. 



AUG 18 1947 


PREFACE 


This group of papers on the comparison of the performance 
of six aircraft -propiuls ion systems was prepared hy memhers of the 
NACA Flight Propulsion Research Lahoratoi-y staff under the direc- 
tion of Mr. Benjamin Pinkel and was presented at the meeting of 
the Institute of Aeronautical Sciences on Aircraft Propulsion 
Systems held in Cleveland, Ohio, on March 28, 1947 . 
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PERFORMANCE AND RANGES OF APPLICATION OF VARIOUS TYPES 
OF AIRCRAET -PROPULSION SYSTEM 
By Cleveland Laboratory Staff 

SUMMARY 

A discussion of the performance characteristics of (l) the 
compound engine, (2) the turbine -propeller engine, (3) the 
turbojet engine, (4) the turbo-ram-Jet engine, (5) the ram-Jet 
engine, and (6) the rocket engine is presented. An insight is 
provided into the proper position of each of these engine types 
in the speed -range spectrum of aircraft operation. Both subsonic 
and supersonic flight are considered. 

It is shown that the compound engine, which has the greatest 
weight per unit thrust and also the lowest specific fuel con- 
sumption, gives the longest range. As the speed is increased, the 
increased engine weight and nacelle drag result in a reduction in 
the disposable load that the airplane is capable of carrying and 
hence in a reduction in the range. Therefore, as speed is 
increased it is necessary to progress to engine types that provide 
greater thrust per unit weight and per unit frontal area, gener- 
ally at the cost of an increased specific fuel consumption and 
resultant decreased range. It is shown that the turbine -propeller 
engine provides better performance on the basis of ciurrent values 
of weight per unit thrust than the other engines considered at 
moderate speeds and altitudes but that a large reduction in weight 
per unit thrust is required in this type of engine to make it 
suitable for high-speed operation in the subsonic range. At high- 
speed flight in the subsonic range it is desirable to shift to the 
turbojet engine. 

At supersonic speeds, the range of the airplane increases 
with increased fli^t speed and altitude for each of the propulsion 
systems considered. The ram Jet gives the longest range of the 
power plants considered and is approached by the turbo-ram-Jet 
engine only when it approaches the ram Jet in operation, that is, 
when the pressure ratio across the compressor reaches unity in 
value. The turbo-ram-Jet engine, however, has an advantage over 
the ram-Jet engine in that it can be designed to provide the com- 
bination of appreciable thrust for take-off and good high-speed 
performance. 
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The rocket engine when applied to an airplane, because of its 
low weight per unit thrust and its compactness, gives the highest 
disposable load, but because of its extremely high specific propel- 
lant consiATuption gives the shortest range. 
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INTEODUCTION 

This group of papers is presented to provide an insist into 
the most suitable aircraft operational ranges of six types of 
propulsion system now under development. A comparison is made of 
the performance characteristics of (l) the compound engine, (2) the 
turbine-propeller engine, (3) the turbojet engine, (4) the turbo- 
ram- Jet engine, (5) the ram- Jet engine, and (6) the rocket engine. 
The position of each of these engine types in. the aircraft speed- 
range spectrum is indicated. 

The position of each of these engine types in the speed-range 
spectrum of aircraft operation is dependent on the assumptions 
made with regard to the power plant and the airplane. No single 
set of assumptions satisfy all types of aircraft application and 
operational procediu’e. Improvements in the design of the engine 
and the associated airplane influence the results . Furthermore, 
at flight conditions where only a small difference in performance 
exists between two engine types, the choice of power plant is 
determined by such factors as simplicity of design and installa- 
tion, ease of maintenance, cost of the engine, reliability, and 
availability' of the desired size. Therefore, it is not the pur- 
pose of these papers to define precisely the zones of flight 
operation for each engine type but to provide am approximate 
indication as a basis for illustrating the relation between the 
engine characteristics and the position of the engine in the 
fli^t -operational spectrum. 

With this limited objective, no attempt was made to design 
the best airplane for each engine type nor to lay out the best 
flight plan, but rather to set up the simple assumptions listed 
in the appendix with the belief that they are not overly prejudi- 
cial to any one of the engine types. Subsonic and supersonic 
fli^t -speed ranges and accompanying differences in design and 
performance characteristics are considered. 

Each combination of flight speed and altitude in the analysis 
is considered a design point in that the engine is assumed to be 
designed specifically for cruise operation at that point. A com- 
plete analysis of any engine for a specific application requires 
a consideration of the performance of a fixed engine over a range 
of conditions some of which may be far from the design point. The 
various engine types differ in the sensitivity of their performance 
to shift in conditions from the design point. In particular some 
engines provide greater thrust for take-off and climb than do 
others for equal thrust in the cruise condition, and some are more 
adaptable for application of thrust augmentation methods for these 
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short -duration operations. A complete study that considers these 
factors would involve many arbitrary assumptions. The present 
analysis was limited therefore to a consideration of a series of 
design points at the cruise conditions with the belief that the 
results would be indicative provided that the limitations of the 
analysis are clearly born in mind. 

The wei^t of the engine per unit thrust is an important 
factor in the determination of the load-carrying capacity of an 
airplane equipped with the engine. The hi^er the wei^t of the 
power plant for a given thrust, the lower, of course, is the dis- 
posable load that may be carried by the airplane. In the case of 
the compound, the turbojet, and the turbine -propeller engines, the 
weiglit estimates were guided by a consideration of the weights of 
engines that have been built and tested. The components of the 
compound engine, namely the reciprocating engine, the exhaust-gas 
t\irbine, and the supercharger, have been the subject of intensive 
development over a long period of time and no large changes in 
wei^t in conventional designs of these components are anticipated. 

The development of the two turbine engines is recent and a signifi- 
cant reduction in weight per unit thrust may be achieved by refine- 
ment in design, improvement in materials, and increase in permissible 
gas temperatures throng the use of turbine cooling. On the other 
hand efforts to provide greater life and adeq^uate automatic control 
tend^to increase engine weight. The comparison of these power plants 
on the basis of wei^t is therefore transitory. The improvement in 
performance of an airplane equipped with turbine -pi'opeller engines 
that results from a reduction in engine weight is discussed. ^ The 
results of the analysis are plotted in a form permitting rapid 
evaluation of the improvement in airplane performance that can be 
obtained with a reduction in engine weight. 

The performance values of the turbine engines presented are 
based on component efficiencies that have been achieved in labora- 
tory investigations on research compressors and turbines designed 
for hi^ efficiencies. These efficiencies have not yet been obtained 
on components of current tiirbine engines. Although the specific 
fuel consumptions used in this analysis for the turbine engines are 
considerably better than obtained in current practice, they are not 
outside reasonable expectation. 

The comparison of the actual performance of airplanes equipped 
with various tynes of engine must take into account such factors as 
fliglit plan, part throttle efficiency, reserve fuel for emergency, 
division of disposable load between pay load and fuel, and other 
practical considerations. These considerations change with ype O- 
application and with time. It was therefore considered undesirable 
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to sacrifice generality by arbitrary assumptions in this connection. 
Instead the performance of the various engines are presented in a 
form to illustrate their essential characteristics and to permit 
application of any desired assumptions as to flight operation. 

At any given flight speed and altitude, the merit of a given 
propulsion system is .judged on: (a) the percentage of Initial 

gross weight still available for disposable load (fuel load plus 
pay load) after the weight of the propulsion system required to 
obtain the desired performance is deducted; and (b) the rate per 
mile that disposable load is consumed (as fuel) per ton of initial 
airplane gross weight to fly at the desired speed and altitude. 

The ratio of (a) to (b) is the approximate maximum range for the 
given application. 

The results of the computations are summarized by curves for 
all of the engine types at various speeds and altitudes plotted 
with the disposable load per pound of gross wei^t as the ordinate, 
the fuel rate in pounds per mile per ton of gross weight as the 
abscissa, and the approximate range as a third scale. A factor 
that corrects the approximate range for the effect of the change 
in the gross wei^it of the airplane during the fli^t is also 
shown. In such a plot, it is expected that for any one engine 
type as the flight speed is increased the disposable load per 
pound of airplane wei^t is decreased becavise of the increased 
engine wei^t required to supply the increased thrust, and that 
a speed is reached at which it becomes desirable to shift to an 
engine type having a lower wei^t per unit thrust in ord.er to 
restore the disposable load even if it results in an increase in 
fuel rate per ton-mile. Tlius the trend toward increased speeds 
is expected to be accompanied by a shift toward engine types 
having lower weiglit per net thrust usually at the cost of an 
increased fuel consumption. 

The performance characteristics of the various propulsion 
systems and their position in the operational spectrum are dis- 
cussed in the individual sections of this report and are sum- 
meirized in a final section. 
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I - TEE COMPOUND ENGINE 
Description 

The compound engine generally considered for aircraft propul- 
sion consists of a conventional reciprocating pngine, a steady- 
flow exhaust-gas turbine, and an a’oxiliary supercharger, A power 
plant of this type is dlagraramatically illustrated in figure I-l. 

The engine exliaust gas is ducted to the tiu’hine, which is provided 
with a nozzle for Jet propulsion. The tui’hine drives the auxiliary 
supercharger and the excess turbine power is delivered to the engine 
shaft through gearing. An intercooler is provided for cooling the 
engine charge air after the auxiliary compressor. The shaft power 
of the system is converted to propulsive power by means of the 
propeller. 


Engine Performance 

The performance characteristics presented are for a compound 
engine comprising a four-row air-cooled engine of 4360-cublc-inch 
displacement and are based on the results of dynamometer -stand 
investigations of a multicylinder air-cooled engine of 2800-cub ic- 
inch displacement. Turbine and auxiliary -supercharger efficiencies 
of 80 percent and an intercooler effectiveness of 50 percent were 
assumed. The efficiency of the gears between the turbine and the 
engine was taken as 95 percent. 

One of the principal variables affecting the performance of 
the compound engine is the ratio of engine -exhaust (turbine -inlet) 
pressure to inlet -manifold pressure Pe/Pui* ^ increase in this 

ratio increases turbine power but decreases engine power. An 
optimum exhaust pressure exists for which the net performance of 
the system is a maximum. This effect is illustrated in figure 1-2 
where brake horsepower and brake specific fuel consumption (fuel 
only) are plotted against Pg/Pjjj three altitudes and two 

power levels (approximately cruise and rated powers for the engine). 
The curves are for a flight speed of 400 miles per hour; however, 
their shape will not change greatly for other flight speeds. 

The curves show that the minimum specific fuel consumption 1s 
obtained at a hi^er value of Pg/p^ than that corresponding to 

maximum power. A value of Pg/Pjji of 1*0 represents a good com- 
promise for all operating conditions and subsequent figures are 
based on this value. 
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The hrake power increases initially with increasing altitude 
and reaches a maximum at an altitude between 30,000 and 50,000 feet. 

The eventual decrease in power at high altitudes is a result prin- 
cipal!;/ of the increasing charge temperatures in the intake mani- 
fold and conseq^uent decreasing indicated power. 

The specific fuel consumption decreases with increasing altitude 
principally as a result of increased turbine power. For altitudes 
between 30,000 and 50,000 feet, the improvement in efficiency is 
small and as altitude is further increased the specific fuel con- 
suimption will eventually pass throu^ a minimum value. This effect 
is due mainly to the increased supei’charger and engine friction 
power per pound of charge air as influenced by the constant ambient 
temperature above the tropopause. 

Brake specific fuel consumptions of 0.43 and 0o35 pound per 
horsepower -hour for sea level and 30,000 feet, respectively, are 
indicated at Pg/Pm = 1*0 for the cruise condition (fig. I-2(a);. 

The fuel consumptions for the rated-power condition are necessarily 
higher because of the richer fuel -air mixture required. 

The specific fuel consumption on a net -thrust -horsepower basis 
is clotted against fli^t speed in figure 1-3 for the same altitudes 
and* power levels as in figure 1-2. The specific fuel consumption in 
this case includes both fuel and oil and the net thrust power on 
which it is based includes the propeller losses, cooling drag power, 
and exhaust-jet thrust power. The specific oil consumption, based 
on the brake power of the reciprocating engine only, was taken as 
0.010 and 0.015 pound per horsepower -hour for the cruise- ^d 
rated-power conditions, respectively. The propeller efficiency 
for this and subsequent figures was assumed equal to 85 percent 
for Mach numbers up to about 0.6 and decreased at higher Mach num- 
bers in accordance with test data. (See the appendix,) The lowest 
fli^t speeds plotted are those at which available ram pressure 
(0.9 of dynamic pressure) is just sufficient to maintain an average 
engine cylinder-head temperature of 450 F . 

The f\iel consumption for the cruise condition decreases, as in 
figure 1-2, with increasing altitude for the range covered (fig. I-3^a;;, 
and will, as previously stated, eventually reach a minimum value as 
the altitude is further increased. At rated power, the cooling drag 
power is very large at 50,000 feet and the altitude for ^^inimjm 
thrust horsepower specific fuel consumption is loss than 50,000 leet 
(f ig. ‘ I-3(*b) ) . Values of specific fuel consumption of aooub 0.51 
and 0c40 pound per net thrust horsepower -hour are indicated at s^ 
level and" 30, 000 feet, respectively, for the cruise condition. The 
corresponding values for rated power are about 10 and 15 percent 
hi^er, respectively. 
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In order to facilitate comparison with the jet -propuls ion 
power plants^ which will he discussed in the subsequent parts of 
this report, the specif ic -fuel -consumption data of figure 1-3 are 
shown in figure 1-4 on the basis of net thrust. Net thrust specific 
fuel consmptioa is plotted against flight speed for the same 
altitudes and power levels as in figure 1-3. The almost linear 
increase of thrust fuel consumption with speed is a direct reflec- 
tion of the approximately constant thrust horsepower fuel con- 
sumptions shown in figure 1-3. The variation with altitude is 
the same as before. At cruise power, a value of about 0.14 pound 
per hour per pound of thrust is obtained at 100 miles per hour for 
sea-level operation increasing tc 0,57 pound per hour pel* pound 
of thrust at 500 miles per hour and 30,000 feet (fig, I-4(a)). 

The net thrust in pounds per square foot of nacelle frontal 
area is plotted against fli^t speed in figure 1-5 for the same 
conditions as figures 1-3 and 1-4. The frontal area used in calcu- 
lating these curves is that of the four-row air-cooled engine 
assumed for the reciprocating-engine component of the compound 
engine plus allowance for nacelle clearance (engine diameter plus 
3 in.). The thrust per unit frontal area could theoretically be 
increased by adding more rows of cylinders to an engine of the 
same diametei*; however, four rows represent the maximum number 
currently used in large engines. The curves in figure 1-5 are 
approximately right hyperbolas; therefore, doubling the fli^t 
speed halves the thrust. This variation is expected^ inasmuch 
as thrust horsepower is substantially constant over the speed 
range. The thrust varies with altitude in about the same manner 
as the brake power, which was previously discussed. For cruise 
pow^er au 100 miles per hour and sea level, a thrust of about 
360 pounds per square foot of frontal area is obtained decreasing 
to 87 pounds per squeire foot at 500 miles per hour and 30,000 feet 
(fig. I-5(a)). The corresponding values for rated power are about 
68 and 58 percent higher, respectively (fig. I-5(b)). 

The difference between net thrust and nacelle drag in pounds 
per square foot of nacelle frontal area is presented in figure 1-6. 
The drag coefficient used for calculating nacelle drag was based 
on the result of wind-tunnel investigations and had a value of 
0.056 up to a Mach number of 0.5, increasing to 0.065 at a Mach 
number of 0,7. (See the appendix.) Comparison of figures 1-5 
and 1-6 shews that nacelle drag is practically negligible except' 
at the hi^er portion of the speed range covered. 

The thrush delivered by the compound engine per pound of 
engine wei^it is shown in figure 1-7. The wei^t values used in 
this figure include; the constant weight of the reciprocating' 
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engine and the auxiliaries; the weight of the auxiliary compressor, 
turbine, and intercooler, which varied with altitude; and the wei^t 
of the propeller, which vaxied with power, fli^t speed, and alti- 
tude. The curves in figure 1-7 are similar to those in figure 1-5 
except for changes introduced by the variations in power-plant 
wei^t. For cruise power, a thrust of about 1.2 poiinds per pound 
of engine wei^t is indicated at 100 miles per hour and sea level 
decreasing to about 0.27 pound per pound at 500 miles per hour and 
30,000 feet (fig. I-7(a)). The corresponding values at rated power 
are about 50 percent higher (fig. I-7(b)), 


Load-Sange Characteristics 

Accurate interpretation of power-plant performance in terms 
of airplane load-range characteristics is complicated and involves 
detailed considerations of airplane design, flight plan, and other 
factors. An approximate evaluation that can be itsed to illustrate 
the comparative performance of the different engines in the sub- 
sonic range of flight speed, however, can be made rather simply. 

The gross wei^t of the airplane per unit frontal area of the engine 
nacelle is given by 


^ _ L_-3i L 

A AD 

where 

gross weight of airplane, pounds 

o 

A nacelle frontal area, square feet 
F net thrust of engine, pounds 


( 1 ) 


Dj^ nacelle drag, pounds 

L/D lift -drag ratio of airplane without nacelles 

The difference between net thrust and nacelle drag F - D^ 
represents the thrust available for overcoming, the drag of the 
rest of the airplane. Two cases are considered; 

(1) Constant l/D; The value of l/D is taken as 18 at 
all fli^t conditions. 

(2) Limiting wing load; The value of l/D is taken as 18 
only at flight conditions where the resulting wing loading is 
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80 pounds per square foot or less; at other flight conditions the 
value of l/D is reduced to give a wing loading of SO pounds per 
square foot. 

Using the previously shown thrust minus nacelle -drag character- 
istics of the power plant (fig. 1-6), the gross wei^t per unit 
frontal area was calculated for ranges of fli^t speed and alti- 
tude at a given power level of the engine c 

The disposable load of the airplane per unit nacelle frontal 
area is taken as 






( 2 ) 


where 


total disposable load, pounds 
W_ structure weight, pounds 

W- power-plant weight (including propeller), pounds 

The structure wei^t Wg Including control equipment was 
assumed to be 40 percent of the gross weight, which is an average 
value for large conventional aircraft. From equation (2;, it is 
seen that the disposable load can be obtained from the gross weight 
(equation (1)) and the power-plant wei^t. 

The disposable load per pound of gross weight W^/Wg is 
obtained by dividing equation (2) by equation (l). 

The initial fuel rate in pounds per mile per square foot of 
nacelle frontal area is given by 

A ■ F A Vq '■ ^ 


where 

wp' initial fuel rate, pounds per mile 
w^ fuel flow, pounds per hour 
Vq flight speed, miles per hour 
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Values of Wj./f and f/a can "be obtained from figures 1-4 

and 1-5, respectively, for various flight speeds and altitudes thus 
permitting calculation of Vf' / A. The initial fuel rate in pounds 

per mile per pound of gross wei^^t V^g obtained by 

dividing equation (3) by equation (1). 

If the entire disposable load is considered to be fuel plus 
tank wei^t, a range factor KR (K x range) is obtained by the 
relation 

KR = _ miles (4) 

Wg Wf 1.1 

The factor l/l.l accounts for fuel-tank weight, which was 
assumed to be 10 percent of the fuel weight. For the compound 
engine, as previously mentioned, the fuel weight also includes the 
lubricating-oil weight. 

The correction factor K allows for deviations in fli^it plan 
and for the progressive reduction in gross weight and, hence, reduc- 
tion in required fuel rate during the flight. The value of K is 
the ratio of the average to the initial fuel rate per mile per ton 
of initial gross weight. It may be computed for any desired fli^t 
plan. (See the appendix.) Illustrative values of K are given 
based on the Breguet range equabion, which is derived on the assump- 
tion that l/d and specific fuel consiimption (on a horsepower 
basis) remain constant during flight. Constant L/D requires a 
change in speed or altitude during the course of the fli^t, hence 
the operating speeds and altitudes to be presented correspond to 
initial values of these variables. 

The load-range characteristics of the compound engine at 
crulao power for the case of constant l/D are shown in figure I-8(a) 
where the disposable load per pound of gross weight is 

plotted against the initial fuel rate per ton of gross weight 
2000 Wf'/Vg for a range of flight speeds at altitudes of 0^ 15,000, 

30,000, and 50,000 feet. A similar plot for the rated -power condi- 
tion is given in figure I -8(h) • Fli^t speeds he low 200 miles per 
hour were not considered in figure 1-8; speeds above 500 miles per- 
hour were omitted because of the rapid increase in nacelle -drag 
power and decrease in propeller efficiency and engine thrust attend- 
ing operation at the higher speeds . 

At constant altitude, an increase in speed results in an 
increase in fuel rate and a decrease in disposable load. At 
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constant speed., an Increase in altitude results in a decrease in 
fuel rate and an increase in load up to an aD.titude of about 
30,000 feet with subsequent decrease in load as altitude is further 
increased. This effect is more maxlred at higher fli^t speeds. 

For most of the flight conditions, cruise-power operation results 
in sli^itly lower disposable loads and fuel rates than rated-power 
operation. At low altitude-hij^i speed conditions, however, cruise 
power results in markedly lower disposable load and higher fuel 
rate than rated power. The majciLmum values of disposable load for 
the operating conditions covered are about 0.51 and 0.54 pound per 
pound of gross weight for cruise- and rated-power operation, 
respectively, and are obtained at 200 miles per hour over a range 
of altitudes from sea level to 30,000 feet. Minimum initial fuel 
rates of about 0,12 (cruise power) and 0.14 (rated povrer) pound 
per ton-mile are indicated over a range of speeds at the hi^er 
altitudes. ' 

For the case of no pay load, that is, the entire disposable 
load is fuel plus tank, the range factor KR at any speed and 
altitude is obtained frc'm the slope of a line draira through the 
origin and the point in question. The slope of such a line is 
equal, to the ratio of the disposable load to the initial fuel rate 
(equation (4)). A scale is included in figure 1-8 for convenience 
in estimating KR; a curve of the variation of the correction 
factor K with disposable load is given to permit calculation of 
the actual range. 

Maximum range is obtained at the operating point giving the 
line of maximum slope, which is seen to be at 200 miles per hour 
and 30,000 feet for both cruise- and rated-power operation 
(fig. 1-8). The value of KR for the cruise-power condition is 
about 7400 miles (fig. I-8(b)); the value of K for the corre- 
sponding disposable load is 0.74 from i/hich the actual maximum 

range is or 10,000 miles. The maximiim range is sli^tly less 

for the rated-power condition; however, at the higher fli^t 
speeds greater range is obtained for the rated-power than for the 
cruise-power condition. 

The allowable pay load for a specific range may also be 
estimated from figure 1-8. A line is drawn from the origin to the 
desired range, for example KR equals 2000 miles (fig. I-8(a)). 
Then the vertical distance from a given speed -altitude operating 
point to the line is the pay load per pound of gross wei^t and 
the rest of the vertical distance down to the abscissa is the fuel 
load (plus tank) per pound of gross weight. The value of K is 
obtained corresponding to this value of fuel load (plus tank) per 
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gross weiglit from the plot on the left-hand side of the figure. 

(See the appendix.) The fuel load obtained in this manner is only 
the amount required to cover the desired distance; reserve fuel 
for emergencies would therefore be charged against the pay load. 

Additional vei^t breakdown of the airplane can also be obtained 
from figure 1-8. Inasmuch as the figure is based on the assumption 
of structural weight equal to 40 percent of the gross welg^it, the 
vertical distance from an ordinate value of 1 down to 0.6 is the 
structural wei^it per unit gross weight and the vertical distance 
from 0.6 to any speed-altitude operating point represents the power- 
plant (including propeller) weight per unit gross weight. The 
improvement that is obtainable by a reduction in structural wei^t 
or power-plant weiglit can be readily indicated on the figure. For 
example, if the structural wei^t per unit gross wei^t were 
reduced from 0.4 to 0.3 all the curves would be raised 0.1; for a 
reduction in power-plant weight, each curve point would be raised 
a percentage amo'unt of the vertical distance between the point and 
the structural weight line (the 0.6 ordinate in fig. 1-8) equal to 
the percentage reduction in power-plant (including propeller) 
weight. 

It is evident that where the operating point is close to the 
structural wei^it line (0.6 in fig. 1-8), for example, at a low 
flight speed, there is little improvement to be gained by reduc- 
tion in engine weight; however, where the operating point is 
appreciably belpw the 0.6 ordinate, for example, at hi^ flight 
speeds, large improvement (large upward displacement of the oper- 
ating point) can be achieved by the same percentage reduction in 
engine wei^t. 

The effect of a change in L/D can be indicated in figure I--8 
for any given speed -altitude operating point by moving the point 
along a line passing throu^ the operating point and point X 
(located at the coordinates abscissa = 0, ordinate = structural 
wei^t line (0.6 in fig. 1-8)) on the basis that the distance of 
the operating point from point X is inversely proportional to the 
value of l/d. The validity of this procedure can be ascertained 
from examination of equations (1), (2), £ind (3). The effect of a 

change in the ratio r of nacelle drag to engine thrust can be 

indicated in a similar manner on the basis that the distance from 

the operating point to the point X is inversely proportiona]. to 

1 - r. For example, at 500 miles per hour and 30,000 feet alti- 
tude the values of cniise power thrust and nace].le drag are 
approximately 90 and 20 pounds per square foot, respectively 
(figs. I-5(a) and I-6(a)), hence 1 - r = 0.78. If the 
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nacelle drag were reduced to zero (completely sutmerged installa- 
tion)^ 1 - r =1 and tiie effect of this change is obtained in 
figure I-8(a) by moving the operating point to point A where the 
distance XA is 78 percent of the distance from X to the original 
operating point. 

The characteristics shown in figui’e 1-8 apply only for the 
assumptions made in this analysis. The assvimptions are repre- 
sentative of normal practice rather than of special applications. 
More than the 10,000-mile range indicated could be obtained, for 
example, by overloading the airplane, which would be equivalent 
to changing the assumption of structural wei^t equal to 40 per- 
cent of the gross weight. Lower flight speeds would also improve 
the range. 

The L/D value of 18 (fig, 1-8) would predicate extremely 
high wing loadings ai:id attendant hig^ take-off and landing speeds 
for airplanes designed to fly in the high speed-low altitude 
range. This condition is corrected in the limited wing-loading 
calcuDation wherein ' L/L was so adjusted as not to exceed a wing 
loading of 80 pounds per square foot over the range of operation 
covered. The following table lists the flight speeds and alti- 
tudes at which a wing loading of 60 pounds per square foot is 
compatible with an l/D value of 18: 

Altitude, ft 0 15,000 30,000 50,000 

Flight speed, mph 214 270 350 550 

At hi^er speeds, l/D was reduced to values consistent with a 
wing load of 80 pounds per square foot; at lower speeds, l/D was 
maintained constant at 18 with attendant reduction in wing loading. 
The load-range characteristics for the assumption of limited wing 
loading are shown in figure 1-9. Comparison of figures 1-8 and 1-9 
shows that the hi^-altitude points and the low altitude-low speed 
points are not appreciably affected by the wing-loading limitation; 
therefore, the maximm range is still 10,000 miles. The sea-level 
high-speed characteristics are, however, seriously impaired, as is 
illustrated in figure I-IO w'here the sea-level curve from fig- 
ure I-9(a) is superimposed on the ciirves of figure I-8(a). At 
400 miles per hour, the initial fuel rate has been increased from 
0.21 pound t>er ton -mile for a constant value of L/D of 18 to 
0.39 pound per ton -mile for a constarxt wing loading of 80 pounds 
per square foot and the corresponding disposable load has been 
reduced from 0.36 to 0,15 pound per pound of gross wei^t. 

Included in figure 1-9 are several operating points for a 
turbosupercharged reciprocating engine. Point B (figs. I-9(a) 
and I-9(b)) is for a turbosupercharged engine operating at a 
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flight speed of 200 miles per hour and an altitude of 30,000 feet. 
Points C and D (fig. I-9(a)) are for 500 miles per hour and alti- 
tudes of 50,000 and 30,000 feet, respectively. The performance of 
the turbosupercharged engine is obtained by assviming that all of the 
engine exhaust gas passes throu^i the turbine (that is, closed waste 
gate) and that the engine exhaust pressure (tujrbine-inl.et pressure) 
is that which provides Just enough turbine power to drive the auxil- 
iary superchai’ger. The turbine and auxiliary supercharger effi- 
ciencies are the same as used for the compound engine (that is, 

80 percent ) . 

At 200 miles per hour and 30,000 feet, the range of the turbo- 
supercharged engine is about 75 percent of that for the compound 
engine. A comparison of the curves for 500 miles per hour shows 
that at a given altitude the compound engine gives considerably 
greater range than the turbosupercharged engine. 


Conclusion 

The results of this study show that with the compound engine, 
greatest range is obtained at low-to -moderate fli^t speeds and 
moderate-to-hi^ altitudes , The load -carrying capacity is good 
at low speeds over a range of altitudes and economy is good over 
a range of speeds at relatively hi^ altitudes. Comparison of 
the characteristics of the compound engine with those of the other 
power plants will be made in subsequent parts of this report. 
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Figure I- 1 • - Diagrammatic sketch of compound engine. 
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Figure 


(a) Cruise power: engine speed, 2200 rpm; (b) Rated oower: engine speed, 2600 

Inlet-manifold pressure, 4o Inches rpm; inlet-manifold pressure, 

mercury absolute; fuel-air ratio, O.063. 50 Inches mercury absolute; fuel- 

air ratio, 0.080. 

1-2. - Effect of exhaust pressure on brake horsepower and brake specific fuel 
consumption of compound engine. Flight speed, 400 miles per hour. 
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Net thrust horsepower specific fuel consumption 
Ib/hp-hr 



(a) Cruise power: engine speed, 2200 rpin; 

Inlet-manifold pressure, 4o Inches 
mercury absolute; fuel-air ratio, 0 . 063 . 


(b) Rated power: engine speed, 2600 rpra; 

Inlet-manifold pressure, 50 Inches 
mercury absolute; fuel-air ratio, 
0 . 0 ^ 0 * 


Figure 1-3, - Variation of net thrust horsepower specific fuel consumption with flight speed 

and altitude for compound engine. 
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Net thrust specific fuel consumption; lb/(hr)(lb) 



(a) Cruise power: engine speed, 2200 rpm; 

Inlet-manifold pressure, 4o Inches 
mercury absolute; fuel-alr ratio, 0.063* 


(b) Rated power: engine speed, 2600 rpm; 

Inlet-manlfolc pressure, 50 Inches 
mercury absolute; fuel-alr ratio, 0*0S0« 


Figure 1-4* - Variation of net thrust specific fuel consumption with flight speed and altitude 

for compound engine. 
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Flight speed, mph 

engine speed, 2200 rpm; (b) Rated power: engine speed, 2600 rpm: 

Inlet-manifold pressure, 4o inches Inlet-manifold pressure, 50 Inches 

mercury absolute; fuel-air ratio, 0.063* mercury absolute; fuel-air ratio, O.OSO. 

Figure 1-5. - Variation of net thrust per unit nacelle frontal area with flight speed amd 

altitude for compound engine. 
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Flight 

(a) Cruise power: engine speed, 2200 rpm; 

Inlet -manifold pressure, 40 inches 
mercury absolute; fuel-air ratio, 0.063. 


speed, mph 

(b) Rated power: engine speed, 2600 rpm; 

inlet -manifold pressure, 50 inches 
mercury absolute; fuel-air ratio, 
0.080. 
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Figure 1-7, 


Variation of net thrust per unit engine weight with flight speed and altitude for compound 

engine . 
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j. Initial fuel rate lb 

^ Gross weight ’ ton-mile 

(a) Cruise power: engine speed, 2200 rpm; Inlet-manifold pressure, 4o Inches mercury absolute; fuel-air 

ratio, 0.063. 

Figure 1-8. - Ldad-range cheiracterlstlcs of compound engine. Constant L/D, 18. 
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(b) Rated power: engine speed, 2600 rpm; Inlet-manifold pressure, 50 Inches mercury absolute; fuel-air 

ratio, 0.060. 


Figure 1-6. - Concluded. Load-range characteristics of compound engine. Constant L/D, 16 
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(a) Cruise power: engine speed, 2200 rpm; Inlet-manifold pressure, 4o Inches mercury absolute; fuel- 

air ratio, 0#0b3* 

Figure 1-9 • - Load-range characteristics of compound engine. Wing loading limited to SO pounds per square 

foot. 
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(b) Rated power: engine speed, 2600 rpm; inlet-manifold pressure, 50 inches mercury absolute; fuel- 

air ratio, 0*0g0. 


Figure 1-9. - Concluded. Load-range characteristics of compound engine. Wing loading limited to 60 pounds 

per square foot. 
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Figure I-IO. - Load-range characteristics of compound engine. Constant L/D and limited wing loading. 
Cruise power: engine speed, 2200 rpm; inlet -manifold pressure, 40 Inches mercury absolute; fuel-air 

ratio, 0.063, 
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II - THE TTJEBIWB-PBOPEXLinR EWGIWE 
Dsscription 

The gas turbine may he used to replace the reciprocating 'engine 
as a drive for a conventional propeller. A schematic diagram of 
such a plan is shown in figure II -1. A compressor inducts cold air 
from the atmosphere and compresses it to a high pressure. Fuel is 
mixed wl^h the compressed air and burned and the gas is expanded 
through the turbine to approximately atmospheric pressure. The 
power created in expansioxi of the hot gas is miore than required to 
compress the cold air and this excess power is utilized by a 
turbine -driven propeller and by a Jet nozzle in back of the turbine. 


Engine Performance 

Presentation of the performance characteristics of this engine 
consists of: (l) an examimtion of the effects of some important 

design and opei-ating parameters on the fuel consumption and power, 
(2) analysis of the performance of selected engines in an airplane 
in terms of load-cairying capacity and range, and (3) a comparison 
of the load-carrying capacities and ranges of aircraft powered by 
the gas turbine and the compound engine. 

The effect on brake fuel consumption of increases in pressure 
ratio and cycle temperatures (ratio of turbine -inlet temperature to 
atmosphere temperature) is shown in figure II -2. In this figure the 
compressor and turbine efficiencies are assumed to be 8o percent and 
the combustion efficiency 95 percent. 

Increases in turbine -inlet temperature decrease the fuel con- 
sumption provided the pressvire ratio is properly increased. At 
the present limiting temperature of 1500° F at the turbine inlet, 
the temperature ratios at sea level and at 50^000 feet are indicated 
by points A and B, respectively, in figure II-2. At point A, cor- 
responding to sea level, the optimum pressure ratio is shown to be 
between 8 and l6 or about 12. At point B, corresponding to an alti- 
tude of 50^000 feet, the optimum pressure ratio for minimum specific 
fuel consxjmption is above l6. At constant pressure ratio and the 
conditions presented in figixre II -2, increases in turbine-inlet tem- 
perature resulted in increase in net work per pound of air. 

The effect of changes in the efficiencies of the compressor and 
the turbine on fuel consumption is shown in figure II-3. For each 
temperature ratio and value of component efficiencies, the optimum 
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pressure ratio for minim’Jim specific fuel consumption was chosen in 
the manner shown in figure II -2. The efficiencies of the components 
have a gree,t effect on fuel consvonptj on. For example, at sea level 
with present limitations on cycle temperature (point A), an increase 
in component efficiencies fz’om 80 to 90 percent reduces the specific 
fuel consumption from 0.65 to O.38 pound per brake horsepower -hour . 
Thus it appears that considerable variation in the fuel consumption 
of turbine -propeller engines ray be obtained by small changes in 
compressor and tiu’bine efficiencies and in tiirbine -inlet tempera- 
tures, and any specific choice of these values for purposes of 
comparing turbine -propeller engines with other engines is subject 
to wide latitude. For the remainder of this smidy the following 
efficiencies have been assiuned: compressor, 85 percent; turbine, 

90 percent; combustion chamber, 95 percent; intake diffuser, 

90 percent; and Jet nozzle, 9^ percent. A pressui’e ratio of 12 is 
assumed except where othei’wise noted, and a turbine-inlet tempera- 
ture of 1500° F is used. The division of power between the propeller 
and the Jet was chosen to give maximum thrust power for each operating 
condition. 

In the analj'’sis of the effects of flight speed and altitude upon 
specific fuel consumption, the efficiency of the pi'opeller must be 
considered. Fuel consumption is on the basis of pounds of fuel per 
net thrust horsepower -hour . Figure II -4 shows that increasing speed 
decreases the fuel consumption slightly until severe losses in 
propeller efficiency at high speed cause an increase in fuel con- 
siuaption. Increased altitude reduces the fuel consumption because 
a higher temperature ratio is permitted, as shown in figure II-3* 

Under the conditions assumed, the specific fuel consumption lies 
between 0.44 and 0.54 pound per net thrust horsepower -hour at speeds 
below 500 miles per hour (fig. II-4). 

The power characteristics, as well as fuel consimiptlon, must 
be evaluated before comparative studies of the engines can be made. 

The power-weight ratio (including propeller), as expressed in terms 
of thrust -weight ratio of a turbine -propeller engine, is shown in 
figure II-5. For this figure the lowest weight-horsepower ratio at 
90 percent of maximum power attained in test from available litera- 
ture on turbine -propeller engines was used. This ratio at static 
sea-level conditions was corrected to account for variations in 
flight speed, altitude, and pressure ratio. The correction was made 
by computing the change in work output per pound of air, change in 
air capacity of the engine, and change in the weights of the engine 
parts. The air capacity was corrected by assuming that the Mach 
number of the air entering the compressor was constant. The weights 
of the components were corrected for changes in compression ratio by 
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assuming that a portion of the engine weight is independent of the 
pressure ratio^ and that the remaining portion is proportional to 
the number of compressor and turbine stages . According to these 
calculations, the ratio of the weights of engines with compression 
ratios of 12 and 5 was l.h. 

The weight -horsepower ratio at static sea-level conditions of 
the engine without propeller used for this analjrsis based on the 
lightest ciu’rent engine per unit power, the weight -horsepower ratio 
of a representative or average current engine, and an estimated 
weight-horsepower ratio obtained by adding additional turbine and 
gearing weight to a tui’bojet engine are shown uncorrected and 
corrected to a pressure ratio of 12 in the following table. The 
equivalent horsepower was computed by adding to the shaft horse- 
power the quotient obtained by dividing the static thrust of the 
exhaust Jet by h. 



1 

Engine weight 
(ib/bhp) 

Engine 

Compres- 

sion 

ratio 

Continuous 

equivalent 

level 

-rated static 
power at sea 

Jfeximum static equiva- 
lent power at sea level 



Observed ! 

Compression 
ratio, 12 

Observed 

Compression 
ratio, 12 

Lightest 
surveyed 
(used in 
the anal- 
ysis) 

5 

0.734 

1.03 

f 

0.66 

0.927 

Represent- 

ative 

6 

.906 

1.17 

.815 

1.05 

Converted 

turbojet 

k 

.56 

-73 

.50 

.66 


The engine chosen for the analysis had a weight -horsepower 
ratio of 1.03 pounds per brake horsepower with a compression ratio 
of 12 at static sea -level conditions. The selection of this weight 
is subject to wide latitude because of the uncertainty in the 
accirracy of the estimate of the effect of compression ratio on engine 
weight. Further, the analysis of the converted cujrbojet engine 
indicates the possibility of considerable reduction in weight- 
horsepower ratio. 
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Figure II -5 shows that high thrust -weight ratios are obtained 
at low flight speeds at sea level, bat the thi’ust decreases rapidly 
with increases in speed and altitude. The rapid loss in thrust with 
increase in altitude is the first significant difference heween the 
turbj.ne -propeller engine and the compound engine. The compound 
engine is assumed to be supercharged sufficiently to maintain mani- 
fold pressures required at sea level up to altitudes as high as 
considered in this study (^O.OOO ft) . Consequently, the turbine- 
propeller engine^ which produces more thrust than the compound 
engine for a given weight at sea level, will at certain altitudes 
produce less thrust than the compound engine. Figure II -6 compares 
the effects of altitudes upon the thrusts of these two engines vrith 
the compound engine operating at cruise power. 


The thrust per unit frontal area is of importance when the engine 
is quite large in proportion to its power and when high flight speeds 
are considered. Figure II-7 shows the thrust per unit frontal area 
of the hypothetical engine at a.l'cltudes from sea level to 
50,000 feet and flight speeds from 100 to 500 miles per hour. 

Increases in both altitude and speed decrease the thrust per unit 
engine frontal area. These curves are representative of some 
existing turbine -propeller engines. Studies of turbo jet -engine com- 
ponents indicate that the thrust per unit engine frontal area could 
be increased at a possible cost of increased weight and fuel 
consumption. 


Load -Range Characteristics 

The load -carrying capacity and the range of an airplane are 
affected by the fuel consumption and the engine weight. Charts 
showing disposable load, fuel rate per ton -mile, and range for 
various speeds and altitudes are shovm in figure II -8. Figure II -8(a) 
shows the load range characteristics when the lift-drag ratio is 
maintained at l8. In figure II -8(b) , the wing loading is limi ued to 
80 pounds per square foot. A maximum lift-drag ratio of l8 was 
chosen for conditions where this lift -drag ratio could be attained 
without exceeding a wing loading of 80 pounds per square foot.^ 

Nacelle drag was deducted from engine tlirust. Comparison of fig- 
ures II-8(b) and II -8(a) shows that for high-speed service, con- 
siderable loss in performance results from the use of wings large 
enough to limit wing loading to 80 pounds per square foot, ^ and that 
better high-speed performance at low altitudes would be acnleved by 
using smaller wings and assisted take-off. 
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Figure II-8 shovs that the greatest disposable load end lowest 
initial fuel rate are obtained at the lowest flight speed considered. 
The range, obtained by drawing a line from the origin through the 
selected operating point and extending this line to the scale of 
K X range (fig. II-8(b)), shows a maximum K x range; of 656O, 
which is less than that for the compo:md engine. At flight speeds 
above 300 miles per hour, the disposable load is approximately con- 
stant with variation in altitude up to about 30,000 feet. Above 
this altitude the disposable load falls rapidly. 

An engine with a pressure ratio of 12 was assumed for figure II -8. 
Selection of a pressure ratio giving maximum range or maximum dispos- 
able load at a specified, range is complicated and has been worked 
out for only two extreme cases. An increase in^ pressure ratio up to 
12 decreases the thrust per pound of engine weight but improves the 
fuel consumption. The effects of this phenomenon are illustrated 
in figure II -8(b) . In one example, at a flight speed of 200 miles 
per hour at sea level decreasing the pressure ratio from 12 to 5 
increased the disposable load slightly at a cost of considerable 
increase in fuel consumption and loss in maximum range. In another 
case, at an altitude of 50^000 feet and a speed of 500 miles per 
hour, the weight of the engine with a pressure i-atio of 12 is so 
great that little capacity is left for disposable load. In this 
case reduction of the compression ratio from 12 to 5 reduces the 
engine weight sufficiently to increase the K x range from 130 to 
lOhO miles. Tlius it is shovm that the optimum pressure ratio for a 
given type of aircraft service cannot be computed from variations 
in engine characteristics alone, but the type of service must be 
considered. Even at a specified flight speed and altitude, the 
optimum pressure ratio varies with specified range. 

Point A in figure II -8(b) represents an existing turbine - 
propeller engine with a compression ratio of 5 operating at ^00 miles 
per hour at an altitude of 33^000 feet, and again shows that a 
compression ratio lower than 12 provides greater disposable load at 
high speed at the cost of a higher fuel rate . 

Analysis of the weight of a turbojet engine converted for 
producing shaft power with an additional turbine and a gear box 
indicated that the weights of turbine -propeller engines might be 
reduced 30 percent without increasing cycle temperatures. An 
additional curve is therefore presented in figure II-8(b) to show 
the performance of the turbine -propeller engine at 500 miles per 
hour if future progress reduces engine and propeller weight 40 per- 
cent. An Increase in disposable load of 4l percent and an increase 
in K X range of 4l percent would result at an altitude of 
30,000 feet. 
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An example of the effects of nacelle drag on performance Is also 
shown in figure II-8(h) for a flight speed of 500 miles per hour at 
an altitude aliglitly above 30,000 feet. The effect of a change in 
the ratio r of nacelle drag to engine tlirust can he indicated on 
the basis that the distance from the operating point to the point X 
is inversely proportional to 1 - r. In the case considered, *ohe 
value of r is 0,21 (taken from fig. II-5) j drag were 

eliminated the operating point would move along the broken line to 
point B. This e3.imination of the nacelle drag Increases the dispos- 
able load and K x range 23 and 58 percent, respectively. 


Comparison of Turbine -Propeller Engine 
and Compound Engine 

Inasmuch as estimates of the perfoimance of the turbine -propeller 
engine and the compound engine are available, a comparison of the load 
carrying capacities and ranges of airplanes powered by these engines 
may be made. Data from figure II-8(b) for the turbine -propeller 
engine are compared with data from a similar figure presented for the 
compound engine. The results are shown in figure II-9* The broken 
line in the center of the field separates the regions where the 
turbine -pr ope 13. er engine having a pressure ratio of 12 and the com- 
pound engine show the greater load-carrying capacities at the 
specified speeds and fuel rates per ton '•mile, respectively. The 
turbine -propeller engine shows somewhat greater load- carrying capac- 
ities at low flight altitudes and speeds than the compound engine; 
the compound engine shows greater load-carrying capacities at the 
various speeds at high altitudes. 

The ability of the compound engine to carry disposable loads 
greater than those of the turbine -prope3.1er engine at high flight 
speeds and altitudes is a result of the supercharging accomplished 
in the compound engine. As shown in figure II-6, the turbine - 
propeller engine produces more thrust per unit weight than the 
compound engine at sea level; this difference disappears at about 
30,000 feet, and at higher altitudes the compound engine is more 
powerful. Furthermore, the minimiun specific fuel consumption of the 
compound engine is lower. Consequently, as shown in figure 11-9^ 
at high flight speeds of approximately ^00 miles per hour, aircraft 
powered by the compound engine may fly at high altitudes to permit 
operation at the economical maximum lift-drag ratio with engines no 
heavier than the turbine -propeller engines required at e lower and 
less economical altitude and will therefore have the greatest range. 
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Theee fac+s indicate that the weight -horsepower ratio of the 
tui-’oine-proi:e.l2.er engine (neg?.ectlng propollez’ xj-eight) with a pres- 
sure ratio of 32 at static sea-level conditions must he less than 
the 1.03 pounds per equivalent hraice horsepower chosen for this 
ana,lysis if it is to compete with the compound engine at a flight 
speed of 5^0 miles per hour. 

The effect of engiij.e weight is again shown in figiure II-IO. 

In this case the equivalent static sea-].evel values of pounds of 
engine weight per horsepower are shown and the comparison is made 
for a flight si)eed of 5'-'0 miles per hour. This figure shows that 
a turhine -propeller engine with a pressure ratio of 12 must have 
a static see -level weight -horsepower ratio of 0.4 pound per horse- 
power if it is to have as grea,t a maximum range as the compound 
engine at 500 miles per hour. Heavier engines could he permitted 
at loss than maximum ranges. 

The pay loads of the two engines are compared in figure II -11. 
The weight-horsepswer ratio of the turhine -propeller engine at 
static sea-level conditions was ass’imed to he 1.03 pounds per 
horsepower, a value obtained hy adjusting to a pressure ratio of 12 
the vreight of the lightest engine that has been tested and for which 
data are available . At each range and flight speed the aircraft 
were a.ssumed to fly e.t altitudes providing the greatest load- 
carrying capacity. Figure 11-11 shows that the turbine -propeller 
engine can carry greater loads than the compound engine for ranges 
up to 2900 m;les at 200 miles per hoiur, and that this range of 
equal load-carrying capacity decreases with increasing airplane 
speed until at about 500 miles pei’ hour the compound engine shows 
greater load-carrying capacity at all ranges. If the flight altitude 
is limited to 20,000 feet, the turbine -propeller has the greater 
load-carrying capacity at attainable ranges and speeds. 


Conclusion 

In this analysis the fuel consumption given for the turbine- 
propellex* engine is optimistic in regard to present practice. The 
weight of the engine \ised in this study was obtained by correction 
of the weight of an existing turbine -propeller engine to a higher 
compression ratio. Under these conditions the range estimates show 
that the gas-tm’bine engine with high pressure ratio may provide 
long ranges at low speeds and moderate altitudes. The compound 
engine, as a result of its lighter weight per unit thrust at high 
altitudes, provides greater range than would be obtained from the 
turbine -propeller engine at high speeds. Analysis Indicates the 
possibility of utilizing lighter turbine -propeller engines per unit 
thrust than assumed and this reduction would be necessary if the 
turbine -propeller engine is to provide a range equal to that of the 
compound engine at a flight speed of 500 miles per hour. 
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Brake specific fuel consumption, Ib/hp-hr 
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Figure II-2. - Effect of pressure ratio and cycle temperatures on 
brake specific fuel consvunptlon of turbine-propeller engine. 
Compressor and turbine efficiencies. 80 percent; combustion 
efficiency, 95 percent. 


Brake specific fuel consumption, Ib/hp-hr 


NACA TN No. 1349 


Fig. n-3 


J 




Turbine -Inlet temperature fP 
Atmospheric temperature °R 


Figure II-3. - Effect of compressor and turbine efficiencies on 
brake specific fuel consumption of turbine -propeller engine. 
Pressure ratio for minimum fuel consumption. 
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Figure II-4. - Variation of net thrust horsepower specific 
fuel consximption with flight speed and altitude for 
turbine-propeller engine. Turbine-Inlet temperatxire, 
15000 P. 
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Figure II -6. - Variation of net thrust -weight ratio with flight 
speed and altitude for turbine-propeller engine. 
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Figure II-6, - Comparison of net thrust minus nacelle drag per 
unit engine weight for compound and turbine-propeller engines. 
Plight speed, 500 miles per hour. 
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Figure II-7, • Variation of net thrust and net thrust minus 
nacelle drag per \jnlt nacelle frontal area with flight 
speed and altitude for turbine ^propeller engine. 
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Figure II-8. - Concluded. Load-range characteristics of turbine-propeller engine. 
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Figure II-IO. » Effect of reduction In weight of turOlne-propellcr engine on disposable load and range at 500 alles per hour. Wing 

loading limited to 00 pounds per square foot; pressure ratio. 12. 
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Figure II-ll. - Speed-range spectrum showing zones where 
compound and turbine -propeller engines have greater pay- 
load carrying capacity. 
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III - TEE TURBOJET ENGINE 
Description 

A turtojet engine produces a propulsive thriist ty drawing in 
air, accelerating it to a high velocity, and discharging the high- 
velocity air in a rearward direction. ThruBt results from the reaction 
of the acceleration of the air. 

A schematic diagram of a tui’hojet engine is shown in figure III-l. 
Air is drawn in at the compressor inlet and is compressed to a high 
pressure in the compressor; the high-pressxire air passes into a com- 
bustion chamber where fi’.el is added and burned and the hi^- 
temperature products of combustion expand throu^ the turbine that 
drives the compressor; and finally, the high-energy gases leaving the 
tirrbine expand throuf^ a nozzle as a Jet in the atmosphere. 

Engine Performance 

Fundamentally, both the turbojet and the propeller produce a 
propulsive thrust by accelerating air in a rearward direction. The 
turbojet differs from the propeller in that a large acceleration is 
given to a small mass of air; whereas the propeller gives a small 
acceleration to a large mass of air. In either case, the propulsive 
thrust equals the product of the mass of air handled and the increase 
in velocity of the air passing through the turbojet or propeller. 

The kinetic energy imparted to the air by the turbojet is greater 
than that imparted by the propeller because the kinetic energy equals 
the product of the mass of air and the square of the velocity; whereas 
the thrust is proportional to the first power of the velocity. In 
other words, the propulsive efficiency of a turbojet is much poorer 
than that of a propeller. The approximate propulsive efficiency of a 
turbojet -powered aircraft flying at 3^0 miles per hour at sea level is 
37 percent; doubling the flight speed to 680 miles per hoxir raises the 
propulsive efficiency to 60 percent. In contrast to the low value of 
37 percent at 3^0 miles per hour, propeller efficiencies of 85 percent 
are obtainable. At transonic and supersonic speeds the propeller 
efficiency decreases greatly because of compressibility effects. At 
the same time the propulsive efficiency of the turbojet continues to 
increase with increasing flight speed. It can therefore be concluded 
that at subsonic flight speeds a turbojet will always be handicapped by 
low propulsive efficiencies, but at supersonic speeds this handicap 
is overcome. 

The over-a].l efficiency of a turbojet is a function not only of 
propulsive efficiency but of the thermal cycle efficiency. It is 
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well known that the efficiencj’’ of the ideal cycle increases with 
increasing compressor pressure ratio and at first glance it wotild 
appear that the highest possible compressor pressure ratio would be 
desirable. Actually, because of losses in the compressor and the 
turbine and because the available tui’bine materials limit the com- 
bustion temperatures, there is a finite compression ratio at which 
best economy'' is obtained. The compressor pressure ratio at which 
best thrust is obtained from an engine with a given air capacity is 
considerably lower than the compressor pressure ratio for best 
economy. Most current txurbojet engines operate with compressor 
pressttre ratios close to the value for maximum thrust. 

The compressor pressure ratio at which best thrust is obtained 
decreases with increasing flight speed and finally at a flight 
speed between IkOO and I5OO miles per hour the optimum compressor 
pressure ratio falls to a value of 1.0. At this value, there is 
no compression in the compressor and the engine is operating essen- 
tially'' as a low-temperature ram jet. 

The thrusts that can be obtained from a series of engines, 
each operating at the compressor pressure ratio for maximum thrust 
at flight speeds between 0 and I50O miles per houi’ and altitudes of 
sea level, 30,000, and 50,000 feet, are shown in figure III -2. 

These curves do not represent any single engine; instead, each 
point on the curves represents a separate engine designed to operate 
at the optimiM compressor pressure ratio for the conditions of 
altitude and speed indicated. The values shown in figure III -2 
were estimated by assuming a compressor efficiency of 85 percent, a 
turbine efficiency of 90 percent, and a combustion efficiency of 
95 percent with a turbine -inlet •temperature of 15^0° F. The air- 
handling capacity of the engine was assumed to be I3 pounds per 
second per square foot of frontal area at sea level and zero fli^t 
speed. At other flight conditions, the compress or -inlet Mach 
number was assumed to be the same as the value corresponding to these 
conditions . 

In the range of subsonic speeds, flight speed has relatively 
little effect upon the thrust; at supersonic flight speeds, how- 
ever, the thrust significantly increases with increasing fli^t 
speed. (See fig. III-2.) At a speed of I500 miles per ho'ur and 
sea-level altitude, the thrust reaches 2000 pounds per square foot 
and, in terms of horsepower, this thrust is equivalent to 80OO horse- 
power per square foot of engine frontal area. Increasing the 
altitude decreases the thrust because of the decreasing air density. 
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The drag of the engine nacelle hecomes large at hi^ flight 
speeds and, con3eq.aently, the net thrust available from the jet- 
engine Installation is considerabl3’’ less than the values shown 
in figure III-2. Values of engine thrust minus nacelle drag are 
shorn in figure III-3. A compai-ison of this figure with figire 
III -2 shows the great reduction in available thrust at supersonic 
speeds . 

The weight of a Je's engine is, of course, also an important 
consideration. The thrust per unit engine weight based upon values 
given in figure III -2 is presented in figure III -4. The wei^ts 
of the engines have been estimated from the weight of a standard 
turbojet. The weights of the compressor and the tirbine were 
corrected hy assuming that these weights are proportional to the 
logarithm of the pressu'.’e ratios; the weights of the other elements 
of the engine were not altered. Estimates based upon these assump- 
tions resulted in a value of 2.62 pounds thrust per pound engine 
weight at sea level and zero fli^t speed (fig. Ill-h). Higher 
values for the ratio of tlirust to engine 'vreight actually have been 
obtained and futvu’e developments may result in additional increases. 

The fuel economies, expressed as thrust specific fuel consump- 
tions, are given in figitre III-p for conditions corresponding to 
the thrusts given in figoire III -2. An increase in flight speed 
increases the thrust specific fuel consumption; from zero flight 
speed at sea level, the fuel consumption increases from O.85 to a 
value of 1.9 pounds per hour per pound of thrust at 1^4-00 miles per 
hour. An increase in altitude improves the fuel consumption because 
of the reduction in air temperature with increasing altitude. 

The thrust and fuel consumption shown in figures III -2 and 
111-5^ respectively, have been used to estimate the performance of 
the subsonic and supersonic airplanes powered by turbojet engines. 


Loed-Eange Characteristics 

Subsonic flight STieeds. - The x-ange of subsonic aircraft powered 
by turbojet engines is estimated using the 'same assumptions regarding 
the airplane characteristics as were used in the preceding parts of 
this report; these assumptions are presented in the appendix. Eesults 
of the cal ctilat ions at a lift -drag ratio of I8 are shown in fig- 
ure III-6 (a). The most important result shown jn this figure is 
the gi’eat reduction in the fuel rate per ton-mile with increasing 
flight speed. This result is diiectly contrary to the findings pre- 
sented in the preceding parts of this report for the engines util- 
izing propellers wherein the fuel rate per ton-mile increased with 
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increasing flight speed. This decrease in fuel rate with increasing 
flight speed is a direct reflection of the improveraent in propulsive 
efficiency of a turbojet engine with increasirg flight speed. Best 
economy and greatest raiige is seen to be obtained at the highest flight 
speed considered^ 550 miles per hour. Altitude has reiatively nniall 
effect upon the range at high flight speed. Ilhe range factor that is 
found by drawing a line through the origin arni tangent to the curve 
representing 550 miles per hour is 4130 miles, the K factor for the 
disposable load at the point of tangency is 0.72, and the range is 
5740 miles. 

Increasing the compression ratio to values above that required 
for maximum power improves the fuel consumptic.n but reduces engine 
thrust. The effects of increasiing the compression ratio upon range 
at 550 miles per hour and an altitude of 30,C)C0 feet are also shown 
in figure III-6(a). Increasing the compression ratio from the value 
for maximum thrust 7.8, to the value for best economy 18, reduces 
the fuel rate per ton-mile without seriously affecting the disposable 
load and, consequently the range is improved. The range factor 
(K X range) at a compression ratio of 18, flight speed of 550 miles 
per hour, and altitude of 30,000 feet is 4700 miles, the value of 
K is 0.735, and the range is therefore 6400 niles. 

As was previously mentioned, the results shown in figure III-6(a) 
apply to the airplane operating at the maximum lift-drag ratio of 18 
at all flight speeds and altitudes. This assumption results in extremely 
high wing loadings at high flight speeds and particularly at low altitudes 
These high wing loadings make it necessary to use special methods for 
launching or assisting in take-off of the aircraft. 

The curves shown in figure III -6(b) were estimated by selecting 
a lift-drag ratio to give a wing loading of 80 pounds per square foot 
except in cases where a lift-drag ratio of 18 gives wing loadings less 
than 80 pounds per square foot. In such cases the lift-drag ratio was 
assumed to be 18. 

At low flight speeds or at high altitudes, the wing loading at a 
lift-drag ratio of 18 is leas than 80 pounds pei square foot; consequently 
the values of disposable load and fuel consumption per mile are the same 
as those shown in figure III-6(a). At these flight conditions, the fuel 
rate per ton-mile decreases with increasing flight speed, as has been 
previously discussed. At speeds somewhat above the limiting speed at 
which the wing loading equals 80 pounds per square foot, the fuel rate 
per ton-mile increases with increasing flight speed because the reduction 
in aerodynamic efficiency accompanying the reduction in lift-drag ratio 
more than counteracts the improvement in propulsive efficiency with 
flight speed. As an example, figure III -6(b) shorfs that at an altitude of 
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30,000 feet, the fuel rate per too -mile decreases vr’.th increasing 
fli^t speed up to a flight speed of about 400 miles per hour 
beyond which the fuel rate per ton-mile increases with fm'ther 
increase in flight speed. 

The best I'ange of 4670 miles was estimated from fig- 
ure III-6(b), Flight at substantially higlier speeds than 
550 miles per hour will not improve range because compressibility 
effects will increeise di-ag and reduce the lift-drag ratio. Also 
fli^t at hi^ altitudes will not improve range because the reduc- 
tion of thrust with altitude reduces the disposable load as can 
be seen in figure III-6(b) , Fli^it at high speed and low altitude 
results in extremely poor fuel economy and range. In particular, 
at sea level and 550 miles per hour the range is reduced to 
1410 miles and the fuel consumption is about four times greater 
than that obtained at the most economical speed and altitude. 

A comparison of the performance of airplanes powered by com- 
pound, turbine -propeller, and -curbojet engines is shown in fig- 
ure III-7. These curves represent perfoniJ.ance in cases where the 
wing loading is limited to 80 pounds per square foot. The best 
range of the turbojet engine is much less than the best range of 
either the compound or the turbine-propeller engine. If a fli{^t 
speed of 550 miles per hour is desired, the range of the turbojet 
exceeds the range of the other two engines. 

Supersonic fli^t speeds. - At supersonic flight speeds, the 
range estimates required an entirely different set of assumptions 
from those used at subsonic speeds. For these conditions the 
following assumptions were made: (l) The lift -drag ratio of the 

wing is assumed to be 7 instead of the previous value of 18 for 
the entire airplane less nacelles; (2) the sice of the fuselage 
required to accommodate the disposable load was estimated and 
the drag of the fuselage at each fli^t speed and altitude was 
calculated; (3) drag coefficient and diffuser efficiencies were 
selected after a study of available data and the values of these 
coefficients and efficiencies are given in the appendix; (4) the 
weight of the structure is 0,3 of the gross weight; and (5) the 
tank weight is 10 percent of the fuel wei^t. 

The gross weight W„ of the airplane is given by 

O 

Wg = (F - Dn - Df) I (1) 

where 

F net thrust of engine, pounds 

nacelle drag, pounds 
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Df fuselage drag,, pounds 
l/d lift-drag ratio of wing 


The total dlsposahle load W(j^ is 


= (1 - a) Wg - Vq 


( 2 ) 


where 

a ratio of structure weiglit to gross wei^t 
Wq engine wei^t, poTonds 

Fuselage size was estimated on the assumption that the density 
of the disposable load was 50 poiuids per cubic foot. The fuselage 
drag equals the sum of the shin-friction drag and the wave 

drag. For a fuselage with a length- diameter ratio of 12 and with 
conical ends having cone angles of 20'^, the drag was calculated 
fi’om the equation: 


q dynamic pressure (incompressible), pounds per square foot 
fuel density 

Cj) j wave -drag coefficient 

Ct) f skin-friction drag coefficient, 0.003 

Values of C-n x given in the appendix. The term ^ is 

' Wa -1- We ^ , 

volume of fuel; is the volume allowed for controls, 

which is based upon 2 cubic feet per ton of gross wei^t. 

Equations (1), (2), and (3) were simultaneously solved to 
obtain Wj^ and Wg, 

Unlike the subsonic case, the results are not independent 
of the size of engine chosen because the drag of the fuselage 



2/3 


(0.4528 Cp j + 8.34 Op p) (3) 


where 
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increases with the square of a linear dimension of the fuselage; 
whereas, the lead-carrying capacity increases with the cube of a 
linear dtciension. Ocnseguent?.y, the fuselage drag per pound of 
disposable load is less for a large airplane than for a small one. 

In order to permit comparisons of the performance of air- 
planes powered by turbojet, turbo -ram -Jet, and ram-jet engines, 
the frontal areas of all turbojets were fixed at 12.5 square feet. 
The resultaiit gross wei^^its of airplanes designed to fly at 
12 fli^t conditions are given in the following table: 


Altitude 

(ft) 

Flight speeo'^^ 
(mph) 

0 

30,000 

[ 50,000 

Gross weight 
(lb) 

_i 

900 

10, 900 

14,000 

1 

8,730 

1100 

11,300 

16,800 

10,800 

1300 

12,900 

21,200 

14,100 

1400 

14,300 

24,100 j 

16,400 


Eesults of the calculations for supersonic fli^t are shown 
in figxire III-8. A graph of the K factor is not shown because 
at supersonic speeds the parasitic drag of the nacelle and the 
fuselage is large compared to the drag of the wing and only a veiy 
small reduction in drag accompanies reduction of fuel load with 
flight duration. As an approximation, the value of K can there- 
fore be assumed equal to 1. 

It is immediately evident from figure III -8 that flight at 
low altitudes results in poor fuel economy and range and that 
flight at the hipest altitude considered results in best economy. 
The best range is obtained at an altitude of 50,000 feet and 
1400 miles per hour at which speed the compressor pressure ratio 
of the engine has dropped to almost 1 and the engine is operating 
essentially as a ram jet. The value of the maximum range is 
1330 miles. Even greater range would be obtained at higher 
altitudes. 

At the best range condition shown in figure III -8, that is, 
1400 miles per hour at 50,000 feet, the gross wei^t of the air- 
plane corresponding to the point shown is 16,400 pounds, as given 
in the foregoing table. The effect of gross weight on performance 
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is illustrated ty a computation of the performance at 1400 miles per 
hour and 50,000 feet for gross wei^ts of 8200 pounds and 49,200 pounds. 
These points are included in figiire III-8, 

At supersonic speeds, increasing the compression ratio to values 
greater than that required to give test thrust results in less range. 


Concl.usions 


It can he concluded from this study that at fli^t speeds less 
than 550 miles por hour the best range of a turbojet -powered air- 
plane is considerably leas than the best range of airplanes powered 
by a compound or a tui'bine -propeller engine. At flight speeds 
above 550 miles per hour, however, the range of the turbo Jet -powered 
airplane is greater than the range of an airplane powered by a com- 
pound or a turbine-propeller engine. The best range of the turbojet - 
powered airplane with a wing loading limited to maximum value of 
80 pounds per square foot is obtained at maximum altitude and maxi- 
mum fliglit speed. The best range of supersonic aircraft equipped 
with turbojet engines investigated in this study was obtained at 
the maxj.mum altitude and engine speed considered (namely, 50,000 ft 
and 1400 mph) . The beat supersonic range found in these calcula- 
tions was rou^ly one -fourth of the range obtainable by subsonic 
aircraft powered by turbojet engines. 
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Figure m-l. - Diagrammatic sketch of turbojet engine. 
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Figure TIT-2. - Variation of net thrust per unit nacelle frontal area with flight speed and 
altitude for turbojet engine. Engine operating at compressor pressure ratio for maximum 
thrust. 
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Figure III-3. - Variation of net thrust minus nacelle drag per unit nacelle frontal area E 

with flight speed and altitude for turbojet engine. Engine operating at compressor * 

pressure ratio for maximum thrust, ^ 
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Figure III-4, - Variation of net thrust per unit engine weight with flight speed and altitude 
for turbojet engine. Engine operating at compressor pressure ratio for maximum thrust. 
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(b) Wing loading limited to 80 pounds per square foot. 


Figure TII-6. - Concluded. Load-range characteristics of turbojet engine at subsonic flight speeds. Engine 

operating at compressor pressure ratio for maximum thrust. 
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Figure III-7, - Coitparlsor. of load-range characteristics of compound, turblr.e-propeller and turbojet engines for subsonic flight speeds. Wing loading 

limited to 80 pounds per square foot. 
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Figure TTl-8. - Load-range characteristics of turbojet engine at supersonic flight speeds. Engine operating 
at compressor pressure ratio for naxlmum thrust; constant L/D for wing, 7, 


0 


NACA TN No. 1349 


NACA TN Ko, 1349 


31 


IV - THE TUT!30-SAM-JET ENGINE 
Description 

The turho-ram- Jet engine Is diagrammatic ally lllustre,ted in 
figure IV-1. This engine consists essentially of a conventional 
turbojet engine with provision for reheating the gas between the 
turbine discharge and the exhaust nozzle. In this manner*, it is 
possible to obtain higher gas temperatures in the exhaust Jet than 
can be withstood by the turbixie. Ao its name implies, the turbo- 
ram-Jet engine may be considered as a combination of a turbojet 
engine and a ram- Jet engine in which the inlet conditions are equal 
to the turbine -dlachai’ge conditioixs of the turbojet. The cycle on 
which this engine opei'ates is called tail-pipe burning or afterburning. 

In this type of engine, it is necessary to reduce the gas 
velocities in the tail pipe below the values usually employed in 
turbojet engines to prevent the pressure drop in the tail pipe, 
caused by both the burning of the fuel and the diag of the neces- 
sary burner parts, from becoming excessive. The engine is there- 
fore pi’ovided with a diffuser between the turbine discharge and 
the tail-pipe-burner inlet. An adjustable -area exhaust nozzle is 
also required to permit the engine to operate at rated turbine - 
inlet temperature over a range of exhaust -gas temperatures. 


Engine Performance 

In addition to the factors that affect the performance of 
turbojet engines, the principal parameters determining the perform- 
ance of the turbo-ran-Jet engine are the temperabure rise end the 
velocity of the gases in the tail pipe. Their effect is illustrated 
in figure IV-2 in which net thrust per unit nacelle frontal area is 
plotted against the exhaust -gas temperature for various values of 
the gas velocity at the ■cail -pipe -burner inlet. These curves are 
based on the performance of an engine fitted with a tail-pipe burner 
having a total -pressure drop due to friction of 0,4 times the 
dynamic pressure at the burner inlet and a turbine -discharge dif- 
fuser efficiency of 75 percent. The calculations are also based on 
flight conditions of 500 miles per hour at sea level althou^ the 
same general trends would be obtained at any other flight condition. 

When the velocity in the tail pipe is high, a sonic limit is 
reached beyond which it is impossible to add heat to the gases and 
still maintain constant engine conditions. The limiting tempera- 
ture for the lower gas velocities is obtained when the over-all 
fuel-air ratio is stoichiometric (0.067), The rate of increase in 
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enr^ln© thrust with gas temperature is greatest when the gas velocity 
is low heca'ise of the attendant lower momentum-pressui'e drop 
(fig. IV-2). The importance of the pressure drop in the "burner is 
evident from the considerable gains in thrust which may be realized 
by reducing the velocity. For all subsequent calculations, the 
diameter of the tail pipe was aissumed equal to the diameter of the 
engine, which provided a burner-inlet gas velocity of 100 to 400 feet 
per second depending on the flight speed and the altitude. 

The variation of net thrust per unit nacelle frontal area with 
fli^t speed at altitudes of sea level, 30,000, and 50,000 feet is 
shown in figure 17-3 for exhaust-gas temperatures corresponding to 
stoichiometric fuel-air ratio. The same component efficiencies and 
the air-handling capacity were assumed for this engine as for the 
turbojet engine discussed in part III of this report and the com- 
pressor pressure ratio that provided maximum tlirust was used. Each 
point on the curves therefore corresponds to a different size engine. 
Because the exhaust-gas temperature is approximately constant, this 
optimum pressure ratio is obtained when the turbine -discharge pres- 
sure is at maximum. The optimum pressure ratio for this engine is 
considerably higher than for the turbojet engine and its variation 
with fli^t speed and altitude is presented in the upper part of 
figure IV-3, For zero fli^t speed at sea level, the optimum 
pressure ratio is about 12 and decreases with increased flight 
speed to a value of 1 at approximately 1800 miles per hour. At 
an altitude of 50,000 feet, the optimiaa pressure ratio is about 
twice that at sea level. The temperature at the tail-pipe-burner 
outlet was obtained from the thermodynamic charts of reference 1 
and both friction- and momentum-pressure losses in the tail pipe 
were included in the calculations. A completely expanding exhaust 
nozzle was assumed for all conditions that required an exit area 
equal to or less than the engine frontal area. Where an exit area 
greater than the nacelle frontal area was required for complete 
expansion, a nozzle having an exit area equal to the nacelle 
frontal area was used. 

The net thrust increases rapidly with fli^t speed, par- 
ticularly in the hi^-speed range, and decreases as the altitude 
is increased (fig. 17-3). The fli^t speed at which the optimum 
pressure ratio becomes equal to 1.0 is indicated by the dashed 
limit line. At this point, the turbo-ram- jet engine is obviously 
equivalent to a ram- jet engine. The net thrust of the turbo-ram- 
jet engine, for stoichiometric fuel-air ratio, is from 100 to 
200 percent greater than that of the turbojet engine, the differ- 
ence increasing with increased fli^t speed, and reaches a value 
of about 10,000 pounds per square foot of nacelle frontal area at 
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a speed of 1800 miles per hour at sea level. At an altitude of 
50,000 feet, the net thrust is about 20 percent of the thrust 
produced at sea level. 

The net thrust per unit nacelle frontal area for an over-all 
fuel-air ratio of 0.045 is shown in figure ,l'V-4. This over-all 
fuel-air ratio vas found to provide the greatest range for all 
flight conditions presented. The values of net thrust obtained 
for this fuel-air ratio are from 80 to 87 percent of the values 
shown in figure IV -3 for stoichiometric fuel -air ratio. The net 
thrust minus the drag of the engine nacelle is shown by the dashed 
lines in figure IV-4. At a flight speed of 1800 miles per hour at 
sea level, the engine produces a thrust of about 7000 pounds per 
sqxiare foot of nacelle frontal area after the nacelle drag has 
been subtracted from the engine net thrust. This value of thrust 
is reduced to approximately 1600 pounds per square foot of nacelle 
frontal area when the altitude is increased to 50,000 feet. 

The net thrust specific fuel consvimption is shown in fig- 
ure IV -5 for the same range of fli^t speeds and altitudes. A 
combustion efficiency of 95 percent was assumed for the primary 
combustion and 90 percent for the secondary or tail-pipe com- 
bustion. Values of specific fuel consumption are shown for effec- 
tive fuel-air ratios of stoichiometric and 0.045. These effective 
fuel-air ratios represent the amount of fuel that is bu.med in the 
engine; the actual fuel-air ratios are hi^er than these effective 
values because of the combustion inefficiency. 

For both fuel-air ratios, the specific fuel consumption 
increases with flight speed at all altitudes and decreases as the 
altitude is iiacreased. At an altitude of 50,000 feet, the spe- 
cific fuel consumption for a fuel-air ratio of 0.045 increases 
from about 1.6 pounds per hour per pound of net thrust at very low 
flight speeds to about 2,2 at 1800 miles per hour. Eased on thrust 
horsepower, the specific fuel consumption reaches a minimnTn value 
of about 0.45 pound per thrust horsepower -hour at a speed of 
1800 miles per hour and an altitude of 50,000 feet. A comparison 
with the turbojet engine shows that the specific fuel consumption 
of the turbo-ram- Jet engine is roughly twice that of the turbojet 
engine at low flight speeds and about 1^ times as large at high 
flight speeds. 

The net thrust per unit engine weight is shown in figure IV-6 
for the same range of fli^t conditions and for an over-all fuel- 
air ratio of 0.045. The weight of the turbo -ram -Jet engine was 
based on the wei^t of current turbojet engines with adjustments 
for changes in weight with compressor pressure ratio and plus the 
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estimated wei^t of the tail-pipe hurner. The wei^it adjuatments 
foi’ compressor pressiure ratio were based on varying the vTOight of 
the compressor and the turbine in proportion to the logarithm of 
the pressure ratio. For flight conditions that resulted in high 
internal pressures, sufficient additional wei^t for an engine cas- 
ing and tail pipe was included to provide satisfactory hoop stresses. 
The net thrust per unit engine weight increases rapidly with flight 
speed, particularly at the hi^er altitudes, because of the simvil- 
taneous increase in engine thrust and decrease in engine wei^t as 
the compressor pressure ratio is decreased. At static sea-level 
conditions, the turbo-ram- jet engine delivers approximately 3 pounds 
of thrust per pound of engine weight, which increases to approxi- 
mately 23 at 1800 miles per hour. 


Load-Eange Characteristics 

Subs onic fli ght sp eeds. - In figure IV-7(a), the disposable 
load per airplane gross weight is plotted against the fuel consump- 
tion per gross weight for subsonic fli^t speeds. An airplane lift- 
drag ratio of 18 was used for the computations of these data. The 
engine thrust and specific fuel consumption for both this and all 
subsequent figures were obtained from figi^res IV-4 and IV-5, respec- 
tively, that is, for an over-all fuel-air i-atio of 0.045. The dis- 
posable load per gross wei^t decreases with increased altitude and 
is nearly independent of flight speed. The fuel rate per gross 
airplane wei^t, however, decreases rapidly with increased fli^it 
speed and decreases slightly with increased altitude, A maximum 
value of the factor K X range of about 2750 miles is iiadicated 
for the airplane characteristics assumed for this analysis. After 
application of the K factor, indicated on the left side of the 
figure, an actual range of about 3800 miles is obtained, This maxi- 
mum range is obtained at a fli^xt speed of 550 miles per hour and 
an altitude of slightly over 30,000 feet. 

If the wing loading is limited to a maximum of 80 pounds per 
square foot, the load-carrying capacity and rate of fuel consump- 
tion per gross wei^t shown in figure IV-7(b) is obtained. For 
low-altitude and high-speed fli^t conditions, the load-carrying 
capacity is sli^tly reduced from the values obtained at maximum 
lift-drag ratio and the fuel consumption is greatly increased. 

Thus, whereas the maximum range is nearly independent of altitude 
for maximum lift-drag ratio, the advantages of high-altitude flight 
are clearly evident when the wing loading is fixed. For example, 
at a speed of 550 miles per houir, the K x x-ange is increased from 
660 to" 2700 miles as the altitude is increased from sea level to 
50,000 feet. 
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The airplane flight characteristics shown in figure 17-7 (b) 
are reproduced in figure IV-8 together with the corresponding plots 
for the compoimd^ the turbine-propeller^ and the turbojet engines. 
The turbo-ram- Jet engine provides a slightly greater disposable 
load than the turbojet engine at the expense of a greatly increased 
fuel rate. The maiximum range for the turbo-reia-Je'c engine is about 
75 percent as large as for the tur'bojet engine. 

The principal field cf application of the turbo -rear. -jet engine 

at subsonic speeds is therefore as a short -duration thrust- 
augmentation vie7lce. By merely shutting off the fuel flew to the 
tail-pipe burner and reducing the exliaust-nor.zle area, this engine 
becomes essentially a turbojet engine. By this means, the inherent 
hi^ thrust of the turho-ram-Jet engine may be used for take-off 
and climb and the lower fuel -consumption characteristics of the 
turbojet engine become available for cruising conditions. 

Supersoni c fli^t speeds. - A plot of airplane load -carrying 
capacity and rate of fuel consumption per gross airplane wei^t 
for supersonic flight conditions is presented in figure IV-9. The 
rapid increase in the net thrust of this engine with flight speed 
results in an increase in load-carrying capacity with an increase 
in flight speed for all altitudes. The fuel consumption per gross 
airplane weight decreases considerably at all flight speeds as the 
altitude is increased. These characteristics cause the meiximiun 
range to occur at the hipest speed and altitude considered. This 
maximum initial range, which occurs at 1800 miles per hour and 
50,000 feet altitude, is about 1900 miles. 

The combined frontal area of the engines assumed for the com- 
putations of this plot was the same as for the turbojet engine, 
that is, 12.5 square feet. The gross weight of the airplane for 
this engine size for each altitude and fli^t speed considered is 
given in the following table: 


Altitude 

(ft) 

Flight spee^>N. 

(mph) 

0 

30,000 

50,000 

Gross weight 
(lb) 

1000 

47,700 

44, 600 

26,500 

1500 

83,500 

93,300 

57,100 

1800 

116,300 

133,400 

84,500 
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In order to illustrate the effect of airplane gross wei^t on the 
flight range, the computations were repeated for different engine 
sizes providing gross weights of 50,000 and 200,000 pounds at a 
speed of 1800 miles per hour at 50,000 feet; the results are 
included in figvre IV-9. The disposable load per airplane gross 
weight is nearly independent of the gross wei^t of the airplane 
and the range is reduced about 20 percent as the gross airplane 
wei^t is reduced from 200,000 to 50,000 pounds. 

The load-range characteristics for the turbo -ram- jet engine 
are compared with the turbojet engine in figure IV-10. For super- 
sonic fli^t conditions, where the airplane drag is very hi^, the 
high thrust of the turbo-ram- jet engine provides a greater load- 
carrying capacity than the turbojet engine and has about the same 
fuel consumption. This greater load-carrying capacity of the 
turbo-ram- jet engine is primarily a result of the greater thrust 
per engine weight than provided by the turbojet engine because 
the exliaust-gas temperatures are not limited to a maximum turbine- 
inlet temperature of about 1500° F. Based on the assumptions of 
this analysis, the maximum range of an airplane powered by a 
turbo-ram- jet engine at 1800 miles per hour is about 60 percent 
greater than that provided by the turbojet engine at a speed of 
1400 miles per hour. The turbo-ram- jet engine therefore provides 
both a greater range and a greater load-carrying capacity than the 
turbojet engine for supersonic speeds up to 1800 miles per hour 
where it becomes equivalent in operation to a ram- jet engine. 




Combustion l-pipe 



Figure X2- I . - Diagrammatic sketch of tu rbo- ram-i j et engine. 
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Figure IV-2* - Variation of net thrust per unit nacelle frontal area with 
burner-inlet gas velocity and exhaust-gas temperature for turbo-ram- Jet 
engine* Flight speed, 500 miles per hour; altitude, sea level* 
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Fig. Iff- 3 



Figure IV-3. - Variation of net thrust per unit nacelle frontal area and 
optimum compressor pressure ratio with flight speed and altitude for 
turbo>ram-Jet engine* Stoichiometric fuel-air ratio* 
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Figure 1V«^« •* Variation of net thrust and net thrvist minus nacelle drag 
per unit nacelle frontal area vdth flight speed ^d altitude for turbo* 
ram- Jet engine. Over-all fuel-air ratio, 0,045.' 
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Fig. IY-5 
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Figure IV-5. - Variation of net thrust specific fuel consumption with 
flight speed and altitude for turbo-ram-Jet engine. Primary 
combustion efficiency, 95 percent; secondary combustion efficiency, 
90 percent. 
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Figure IV-6. - Variation of net thrust per unit engine weight with 
flight speed and altitude for turbo-ram- Jet engine. Over-all fuel- 
air ratio* 0.045. 



(a) Constant L/D« 16. 

Figure IV-7, - Load-range characteristics of turbo-ram- Jet engine at subsonic flleht 

speeds. Over-all fuel-air ratio. 0.045. ^ 
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(b) Wing loading limited to 80 pounds per square foot 

Figure IV-7. - Concluded. Load-range characteristics of turbo-ram- jet engine at 
subsonic flight speeds. Over-all fuel-air ratio, 0.045. 
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Coa.parl6on of load-range characteristics of compound, turbine-propeller , turbojet, and turbo-ram -Jet engines at subsonic flight speeds. 

Wing loading limited to 60 pounds per square foot. 
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Plgxire IV-9. - Load-range characteristics of turbo-ram- Je t engine at supersonic flight speeds. 

Over-all fuel-air ratio, 0.045. 
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V - TBE EAM-J15T ENGINE 
Description 

The ram- Jet engine (fig. V-l) consists of a diffuser in which 
the air is compressed from free -stream static pressui*e to a pres- 
sm’e somewhat lower than free -stream total pressiire^ a combustion 
chamher in which fuel is burned, and an exit nozzle through which 
the gases expand. 


Engine Performance 

For this analysis, the three most important criterlons for 
evaluating the performance of aircraft engines are: efficiency or 

fuel economy, thrust per unit engine frontal area, and tlirust per 
unit engine weight. The efficiency of the ram- Jet engine, like 
that of all heat engines, increases with compression ratio. At 
subsonic flight speeds, the ram compression is so low that the ram 
Jet cannot compete with other engines except perhaps where engine 
cost and simplicity are of gi'eat importance. At supersonic flight 
speeds, however, the ram compression is considerable and high 
efficiencies are obtainable. Because of the simplicity of the 
engine, the ram Jet develops greater thrust per unit weight than 
the engines previously discussed except at low flight speeds. The 
thrust per unit frontal area increases both with efficiency and 
air flow through the engine; therefore, much greater values of 
thrust per unit area are obtainable at the higher airspeeds. The 
best perfonnance of the ram- Jet engine is therefore obtained at 
high flight speeds. 

The variation of net thrust per unit engine fron‘ba.1 area and 
net thrust specific fuel consumption with fuel -air ratio and 
combustion-chamber inlet velocity for a ram Jet burning gasoline 
is shown in figure V-2 for a flight speed of 1150 miles per hour 
at sea level (Mach number, 1.5)* The data shown are for a combus- 
tion efficiency of 100 percent. Underexpanding exit nozzles have 
been used in the calculations where use of a completely expanding 
exit nozzle would have resulted in a larger exit area than 
combust! on -chamber area. The perfoimance at combustion efficiencies 
other than 100 percent may be obtained by dividing the fuel -air 
ratio and specific fuel consumption shown in figure V-2 by the 
actual combustion efficiency in order to determine the actual fuel- 
air ratio and specific fuel consumption. In general, the thrust 
per unit engine frontal area increases with increasing fuel -air 
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ratio and conibustion-chaTriber valocity up to the choking line. The 
heat fuel econoaiy for any particulai' thrust per unit engine frontal 
area is obtained at a combustion-chamber inlet velocity slightly 
lower than would be required for choking in the combustion claamber. 
The specific fuel consumption, of course, decreases with decreasing 
tlirust per unit frontal area. Inasmuch as the exit area is equal 
to the combustion-chamber area near the choking line and the dif- 
ference between the inlet area and combustion -chamber area is small 
compared with that at lower combustion-chamber velocities, the 
external pressure drag will also be comparatively low. The region 
Just to the left of the choking line is therefore the region of 
optimum perfoimance for the ram Jet at a flight Mach number of 1.5- 
The maximum thrixst per unit engine frontal area obtainable is 
approximately 30OO pounds per square foot, which is about 20 percent 
lower than that obtainable with the turbo -ram -Jet engine at the 
same speed and altitude. The fuel consumption at maximum thrust is 
about 3.3 pounds per hour per pound of thrust, which is about 
23 percent above the fuel consuiuptlon of the turbo-ram-Jet at a 
flight speed of II50 miles per hour. 

The variation in net thrust per unit engine frontal area and 
fuel consumption with fuel-air ratio and combustion-chamber velocity 
for a higher flight speed (230O mph at sea level; Mach number, 3*0) 
is shown in figure V-3. The highest thrust is obtained at a 
combustion-chamber inlet velocity of 3^5 feet per second, which 
corresponds to the point at which the inlet area is equal to the 
combustion-chamber area. Increasing the combustion-chamber inlet 
velocity beyond this point results in an inlet area larger than 
combustion-chamber area, with a consequent decrease in thrust per 
unit engine frontal area. For any particular value of thrust per 
unit frontal area, the lowest fuel consumption is also obtained at 
a combustion-chamber inlet velocity of 325 feet per second. The 
external pressure drag is zero for this case because the inlet 
area, combustion-chamber area, and outlet area are all equal. At 
this flight speed, the optimum operating region is well away from 
the choking line . The maximum thrust per unit engine frontal area 
is extremely high, approximately 22,000 pounds per square foot. 

At thrust values somewhat lower than maximum, fuel consumptions of 
about 2 pounds per hour per pound of thrust corresponding to approx- 
imately 0.33 pound of fuel per thrust horsepower -hour are obtainable, 
which indicates that the engine is operating very efficiently at 
this flight speed. 

The variation in maximum net thrust per unit engine area with 
flight speed and altitude is shown in figure V-4. These data were 
calculated for an actual fuel -air ratio of 0.06?^ a combustion 
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efficiency of SO percent, optimum conibustlon-cliam'ber inlet velocity, 
and underexpanding exit nozzles. The thrust increases rapidly with 
fD.ight speed and decreases with increasing altitude. As pointed out 
in the discussion of figure V-3, extremely high thrusts per unit 
frontal area are obtainable at high speeds at sea level. 

Figure V-5 shows the thrust specific fuel consumption corre- 
sponding to the thrusts given in figure V-U. The fuel consumption 
decreases with increasing flight speed up to a speed of 2k00 miles 
per hour. The fuel consumption also decreases with increasing alti- 
tude up to the ti'opopause (approximately 35^000 ft), above which it 
remains essentially constant. At very high altitudes (above 
100,000 ft), the fuel consumption will again vary with altitude 
because of the variation in ambient -air temperature with altitude 
at these heights. 


Load -Range Characteristics 

The assumptions used in the analysis to evaluate the effect of 
altitude and flight speed upon the range of ram- Jet -powered aircraft 
are outlined in the appendix. The type of aircraft considered has 
a ram- Jet engine located at each wing tip and the fuel is stored in 
the fuselage. It was assumed that the combined frontal area of the 
two engines was 12.5 square feet. A combustion efficiency of 
90 percent and the optimum combustion-chamber inlet velocity were 
also assumed. Performance curves similar to those shown in fig- 
ures V-2 and V-3 were used to obtain operating points giving the 
longest range for the specified flight speed and altitude. In 
general, it was found that for the assumption used, the best ranges 
were obtained at fuel -air ratios from 0.03 to 0.05 and combustion- 
chamber inlet velocities from l80 to 400 feet per second. 

The thrust per unit engine frontal area, the thrust minus 
engine drag per unit engine frontal area, the net thrust specific 
fuel consumption, and the thrust per unit engine weight used in 
computing the ranges are shown in figure V-6. In estimating the 
engine weights, it was assumed tha,t the engine length -diameter 
ratio was 8 and skin thicknesses necessary to provide reasonable 
hoop stresses were calculated. At low flight speeds and high alti- 
tudes where the required skin thicknesses gave an engine weight 
lower than 700 pounds for a frontal area of 12.5 square feet, an 
engine weight of 700 pounds was used. 

The ratio of disposable load to gross weight and the initial 
fuel rate per mile per ton gross weight is shown in figure V-7 for 
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a range of flight speeds from 1000 to 2500 m:*les per hour and alti- 
tudes from sea. level to 100^000 feet. A K x range scale and 
'broken guide lines indicating the location of the origin are marked 
for convenience in estimating the range. It may he seen that 'che 
range increases with altitude and increases with flight speed up 
to 2000 miles per hour. At an altitude of 50,000 feet, the range at 
2500 miles per hour is somewhat lower than that at 2000 miles per 
hour) whereas, at an altitude of 100,000 feet, the ranges at these 
two flight speeds are approximately the same. At altitudes lower 
than 50,000 feet, the range at 25OO miles per hour was found to he 
appreciably lower than that at 2000 miles per hour. Although the 
engine efficiency and thrust per unit engine frontal ai'ea increase 
as the flight speed increases from 2000 to 25OO miles i^er hour, the 
improvement in engine performance is too smull to offset the 
increased power required for flight at the higher flight speed. 

At a flight speed of 2000 miles per hour, the range increases from 
500 miles at ’sea level to 38OO miles at an altitude of 100,000 feet. 
The large increase in range with increasing altitude occurs because 
of the lower airplane drag at the higher altitudes due to the 
lower air density. 

The airplane gross weights calculated for the various flight 
conditions shown in figr.re V-7 are given In the following table: 


Altitude 

(ft) 

1 

. - 0 

30,000 

50,000 

100,000 

Flight speed 
(mph) 


Gross weight 
(lb) 


1000 

26,000 

20,000 

11,700 


1500 

73,000 

63,200 

40,800 


2000 

155,000 

123,200 

81,000 

12,000 

2500 

75,600 

14,700 


The effect of varying the airplane size upon the range has been 
investigated for a flight speed of 2000 miles per hour and an alti- 
tude of 50,000 feet. The airplane gross weight for the case orig- 
inally calculated for this flight condition (engine frontal area, 
12.5 sq ft) was 81,000 pounds. It was found that by increasing the 
gross weight from 8l,000 to 200,000 pounds the range was increased 
about 15 percent. A decrease in gross weight to 50,000 pounds 
decreased the range about 5 percent. 
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The flight speed giving the longest range sho^m in figtire V-7 
(2000 mph) is replotted in figure V-8 to give a conparison with the 
tm’bojet and turbo -ram -^et engines. The range obtainable with the 
ram Jet at 2000 miles per hour and. 50,000 feet is somewhat gi’eater 
tlian that obtainable at supersonic speeds at this altitude with 
either the tui’bojet or the turbo -ram- Jet engine, and is closely 
approached by the turbo-ram-Jet engine on.ly at the higlier flight 
speed (3.800 mph) where the tui’bo-ram-Jet engine is operating essen- 
tially as a ram Jet because of the low compressor pressure ratio 
at this flight speed. If kerosene had been used as the fuel in 
the ram-Jet calculatiozas, as was done for the turbo-ram-Jot engine, 
the range at 2000 miles per hour and 50^000 feet would have been 
approximately 5 percent greater thian that shown in figures V-7 and 
V-8 due to the greater density of the kerosene. 
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Plgxxre V-1. - Diagrammatic sketch of ram- Jet engine 


Fig. Y:-2 


NACA TN No. 1349 



Figure V-2, - Vau’latlon of net thrust per unit engine frontal area with 
combustion-chamber inlet velocity for ram- jet engine at flight speed 
of 1150 miles per hour at sea level. Fuel, gasoline; combustion 
efficiency, 100 percent. 
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Figure V-3. - Variation of net thrust per unit engine frontal area with combustion-chamber inlet 
velocity for ram- jet engine at flight speed of 2300 miles per hour at sea level. Fuel, gasoline; 
combustion efficiency, 100 percent. 


NACA TN No. 1349 Fig. T-3 


Fig. 'T-4 


NACA TN No. 1349 



Figure V-4. - Variation of maximum attainable net thrust per unit engine 
frontal area with flight speed and altitude. Fuel, gasoline; combustion 
efficiency, 90 percent. 
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Figure V-5. - Variation of net tlirust specific fuel consumption with 
flight speed and altitude for ram- Jet engine developing maximum 
thrust. Fuel, gasoline; combustion efficiency, 90 percent. 
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Plight speed, mph 

(a) Variation of net thrust per unit engine frontal area with 
flight speed and altitude. 

Figure V-6. - Ram- Jet performance used to determine maxlmxnn range. 
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(b) Variation of net thrust minus engine drag per unit engine 
frontal area with flight speed and altitude# 

Figure V-6# - Continued. Ram- Jet performance used to determine maximum 

range. 
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(c) Variation of net thrust specific fuel consumption with 
flight speed and altitude# 


Figure V-6. - Continued# Ram- jet performance used to determine maximum 

range# 
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Fig. Tr-6d 
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(d) Variation of net thrust per unit engine wel^t with 
fll^t speed and altitude. 


Flgvire V-6. - Concluded. Ram- Jet performance used to determine maxi- 
mum range. 
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Figure V-7. - Load-range characteristics of ram- Jet engine at supersonic flight speeds, 
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VI - TBE ROCKET ENGINE 

In this section of the report, the rocket power plant is briefly 
described, some of the performance parameters are discussed, and the 
use of this power plant in two of its many applications is considered. 
The first case to be considered is that of the rocket -powered pro- 
jectile; the second case is the use of the rocket power plant in 
an airplane. 


Description 

The rocket-propulsion system is probably the oldest and simplest 
propulsion system recognized. The rocket carries oxidant in addition 
to fuel and thus has the unique characteristic of being entirely 
independent of the atmosphere for operation. 

The rocket power plant comprises essentially a rocket engine, 
consisting of a combustion chamber and a nozzle, and a propellant- 
(fuel plus oxidant) supply system. The propellant -supply system may 
either be contained wholly within the combustion chamber (for example, 
as a solid material such as used in ordinary pyrotechnic skyrockets) 
or the system may consist of propellant tanks, valves, controls, 
injectors, and a pressurizing or a pumping system such as would be 
required for using liquid propellants. An example of a rocket power 
plant using liquid propellants, which is the type discussed in this 
part of the report, is the well-known German V-2 rocket power plant 
in which liquid oxygen and alcohol were supplied to the combustion 
chamber by means of high-pressure pumps. 


Performance Parameters 

The rocket-propulsion principle is dlagrammatically illustrated 
in figure VI-1. In the combustion chamber of the rocket engine, the 
propellants react either spontaneously or after suitable ignition, 
releasing large amounts of heat energy and generating high-tempera- 
ture gases at a high rate. By expanding the high -temperature gases 
through the nozzle, a portion of the heat energy liberated in the 
combustion chamber is converted into kinetic energy of flow. The 
reaction to the momentum of the ejected gases results in the thrust 
that propels the rocket, or 



g 


( 1 ) 
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where 

F thrust, pounds 

W|> mass rate flow of propellant, pounds per second 
g conversion factor, 32.2 pounds per e].ug 

u^ effective exhaust velocity, feet per second 

Theoretically the effective exhaust velocity differs fi-oro the 
axial velocity at the center of the nozzle exit hy a factor that 
corrects for the angle of divergence a of the nozzle and a pressure 
correction term that allows for any difference existing between the 
exit and amhieint pressures. For divergence angles below about 15° 
and for small differences between the nozzle exit and ambient pressures, 
the effective exliaust velocity is theoretically within a few percent 
of the axial velocity. 

The specific imnulse 1, which is one of the primary rocket- 
engine performance parameters, is defined as 


Wj^ 

and is, of course, enp^al to Ug/g. 

The specific impulse is the reciprocal of the thrust specific 
propellant consumption, in units of seconds; therefore, for low 
values of specific propellant consumption, obviously high values 
of specific impulse are desired. 

Equations (l) and (2) show that the thrust may be increased 
either by increasing the mass rate f].ow of propellant, vrhich us\i- 
ally requires increasing the size of the z’ocket, or by increasing 
the effective exhaust vel.ocity. The effective exhaust velocity or 
specific impulse is essentia.liy a measure of the heat energy avail- 
able for conversion into kinetic energy of flow ard the efficiency 
of the conversion. 

The theoretical relation for specific impulse derived on the 
basis of perfect gas laws and an isentropic expansion through the 
nozzle to ambient pressure is 
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/ 

1 

Zll 

!r ^1 27 

'g M 7 - 1 

, y 

1 - (P3/P1) 


(3) 


where 


E universal gas constant, 1545 foot-pounds per pound-mole per °E 
comhustion temperature, °E 
M molecular weight of products of combustion 
7 ratio of specific heats 


P]_ combustion- chamber pressure, pounds per square inch 


^3 


nozzle- exit pressure, pounds per square inch 


Equation (3) indicates that to obtain high values of specific 
impulse the following properites would be desirable; high combus- 
tion temperatures, low molecular weight of the gases, high combustion- 
chamber pressures, low nozzle-exit pressures, and low ratios of spe- 
cific heat. The effect of these factors on specific impulse are 
shown in figure VI-2. Values of tjie quantity 


A 



i 

|l - (Ps/Pl) I 

{ J 


are shown plotted against pressure ratio Pj^/p^ for several values 
of 7 in figure VI-2(a). Values of the theoretical specific impulse 
I are showi as a function of Ti/m for several values of A. The 
value of A increases with pressure ratio but the rate of increase 
is greatly reduced at the high pressure ratios. The value of A 
also Increases with decreasing values of y. Appreciable increases 
in specific impulse can be realized by increasing the value of 
T^/m and, of course, the specific impulse increases with Increasing 
values of A . 


The V-2 rocket engine operated with a chamber pressure of approx- 
imately 300 pounds per square inch (sea-level pressure ratio, 20) 
and a value of T]^/m of about 250° E resulting in a theoretical 
specific Impulse of about 245 pounds -seconds per pound. 
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In figure VI-3; theoretical values of specific impulse I and 
the product of specific impulse and aensity of propellant are 

compared in a bar graj)h for several of the vell-knovn liquid propel- 
lants at a pressure ratio of 20. The values of I represent thrust 
per unit weight flow and the values of represent thrust per 

unit volume flow. The comparison of the values of I^^ is important 
from the standpoint of the size of the propellant tanks required 
and its effect on the weight and drag of the tanks. Thus, from this 
consideration hydrogen oxygen, with a theoretical value of I of 
about 550 pounds- seconds per po»ind is probably not better tlian the 
alcohol-oxygen mixture because of the low value of for hydrogen- 

oxygen . 

Other factors, of course, have to be considered in the selection 
of a rocket propellant, among which are availability, cost, handling, 
and storage characteristics. 


Rocket -Powered Projectile 

The first application of the rocket power plant considered is 
the rocket-powered projectile. Bj far the greatest part of the 
range of a projectile, unlike an airplane, is covered in free flight 
(coasting after the end of power). The calculation of the range of 
a projectile involves a definite fljght plan and a large number of 
details. In order to illustrate the effect of some of the variables 
on the maximum range of a projectile on the earth’s surface, however, 
the ■problem may be simplified by assuming a ballistic trajectory 
(negligible burning time), and by neglecting the drag of the projec- 
tile. Fngure VT-4, based on these assumptions, shows values of specific 
impulse I plotted against the velocity of the projectile at the end 
of power for four ratios of the propellant weight to the gross weight 
of the projectile. Included in this figui'e is an approximate scale of 
the maximum range of the projectile on the earth’s surface. Figure VI-4 
shows that the range increases with about the square of the specific 
impulse, that is, increasi.ng the specific impulse hy 50 percent practi- 
cally doubles the range. This factor serves to illustrate further 
the im'portancc of increasing the specific impulse. The fact that the 
range of the projectile varies with about the square of the specific 
impulse is an essential difference between a projectile and the air- 
plane to be considered, for which range varies with about the first 
power of si^ecific impulse. 

Large increases in rang’o can also be realized by increasing the 
ratio of propellant weight to gross weight. A limit exists, however, 
on the value of this ratio that can be attained with a single rocket . 
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The V-2 rocket with pay load, for example, had a propellant to gross 
weight ratio of about 0.65. A possible method for increasing, in 
effect, this ratio is the step-rocket in which two or more rockets are 
joined as a unit. The rockets are arranged to burn consecutively and 
each step is discarded when exhausted of power. With step-rockets 
and available propellants, the velocity of the final step at the end 
of power could be about 5 miles per second or 18,000 miles per hour, 
which as indicated in figure VI-4 would permit flight to any point on 
the earth's surface or would permit establishing a permanent orbit at 
the earth's surface. With a velocity of approximately 7 miles per 
second or 25,000 miles per hour, the final step would escape from 
the earth's gravitational field. 


Rocket-Powered Airplane 

In the second case of the application of the rocket power plant, 
a rocket -powered airplane is considered. The general assumptions 
made concerning the airplane in the previous parts of this report 
and listed in the appendix were followed. The V-2 rocket engine and 
the following actual available data (reference 2) for this engine 
were used: 


Specific impulse, pounds -seconds per pound 218 

Sea-level thrust, pounds .... 60,000 

Engine weight, pounds 2235 

Maximum engine diameter, feet 3.11 


In figure VI-5, the thrust per unit engine weight is shown 
plotted against altitude for the V-2 engine for the actual specific 
impulse of 218 pounds -seconds per pound and a curve for a specific 
impulse of 300 pounds -seconds per pound is included for comparison. 

At a given altitude the thrust of the rocket engine, unlike the 
engines discussed in the previous parts of this report, is essentially 
constant and independent of flight speed. The thrust increases slightly 
with altitude as a result of the free expansion of the gases from the 
exit pressure to the lower ambient pressure at altitude. The thrust 
per unit engine weight ranges from about 27 to 31 pounds per pound 
for a specific impulse of 218 pounds- seconds per pound. These values 
compare with the following approximate values for the engines dis- 
cussed in the previous parts of this report operating at conditions 
for best range: 
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Engine 

Thrust per unit 
engine weight 
(lb /lb) 

Compound 

0.6 

Turbine propeller 

.7 

Turbojet 

2.3 

Turbo-ram jet 

7.5 

Bam jet 

8.5 


It is thus apparent that the thrust per unit engine weight for the 
rocket is appreciably higher than that for any of the other engines. 

By increasing the specific impulse hy approximately 3? percent, 
up to a value of 300 pounds- seconds per pound, the thrust and the 
thrust per unit engine weight of the rocket would he increased by an 
equal percentage. 

The thrust per unit engine frontal, area and the thrust specific 
nropellant consumption for the rocket engine are plotted in figure VI-6 
as a function of altitude for specific impulses of 218 and 300,pounds- 
seconds per pound. The thrust per unit engine frontal area (f ig. VI-6(A) ) 
for a specific impulse of 218 pounds- seconds per pound ranges from 
about 8000 to 9000 pounds per square foot, as compared with the follow- 
ing values for the engines discussed i.n the previous parts of this 
report operating at conditions for best range: 


Engine 

Thrust per unit 
engine frontal area 
(Ib/sq ft) 

Compound 

230 

Turbine propeller 

265 

Turbojet 

415 

Turbo-ram jet 

1800 

Earn jet 

2000 


The appreciably larger value of tlirust per unit engine frontal 
area for the rocket is indicative of its compactness. This compact- 
ness, the large thrust per unit engine weight, and the simplicity of 
the rocket engine constitute some of the primary advantages of the 
rocket. These advantages, however, are obtained at the coat of a 
relatively high thrust specific propellant consumption, as shown in 
figure VI-6(b) because the rocket carries its entire working mass. The 
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thrust specific propellant consumption shown for the V-2 engine 
ranges from approximately 16.5 at sea level to 14.5 pounds per hour 
per pound at the higher altitudes, compared with the following values 
for the other engines operating at conditions for best range: 


Engine 

1 Tbruat specific 
i fuel consumption 
(lb/(hr)(lb)) 

Compound 

0.22 

Turbine propeller 

.26 

Turbojet 

1.6 

Turbo -ram jet 

2.2 

Earn jet 

2.0 


The load-range characteristics of the rocket -powered airplane 
are shown in figure VI-7* The disposable load in pounds per pound 
gross airplane weight is plotted against the initial propellant rate 
in pounds per mile per ton gross airplane weight for several constant 
altitudes and supersonic flight speeds. Also included in this figure 
are a K x range scale and broken lines indicating the location of 
the origin for convenience in estimating the range. This range, 
unlike that for the projectile is, of course, only for the uowered 
flight. 


Inasmuch as the diameter of the engine was less than that of the 
propellant tanlcs (fuselage), it was assumed that the engine could be 
placed in rear of the fuselage and hence, the drag of the engine was 
taken as zero. In addition, only the wave drag of the front of the 
fuselage was used in calculating wave drag. 

At sea level, increasing the flight speed rapidly increases the 
initial propellant rate and consequently decreases the range. At an 
altitude of 100,000 feet, however, increasing the flight speed decreases 
the initial propellant rate and hence increases the range. At altitudes 
between these values there is a transition in the effect of speed on 
range. These differences in the effect of speed on range occur because 
the predominant drag is from the fuselage at low altitudes and from 
the wings at high altitudes. For the conditions presented, the change 
in the disposable load, as for the ram jet, is small compared with the 
other engines. 

At an altitude of 50,000 feet and a flight speed of 2000 miles 
per hour, a gross airplane weight of about 365,000 pounds was obtained. 
In order to illustrate the effect of gross weight on range this con- 
dition was recalculated to give gross weights of approximately 200,000 
and 50,000 pounds by assumming that the weight and the thrust of the 
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engine varied with the sque,re and the cube, respectively, of the 
engine diameter. The points are indicated by sjTubols in figui'e VI-7. 
It is sho^m that by changing the gross weight from 200,000 to 
50,000 pounds the disposable load is changed by a negligible amount 
and the range is decreased by about 15 percent . 

The following table lists the approximate values of gross air- 
plane weight for the various altitude and f light- spef?d conditions 
considered: 



V. 

^Engine thrust, 11,200 lb; engine weight, 670 lb. 


The best operating condition shown for the rocket is a flight 
speed of 5000 miles per hour and an altitude of 100,000 feet. At 
this condition, the disposable load is 0.695 po'ond per pound gross 
weight, the initial propellant rate is 0.91 pound per ton-mile gross 
weight, and the indicated range is 1387 miles 


Comparison and Application 

For purposes of comparing the rocket engine with the jet engines 
discussed in the previous parts of this report, conditions at a flight 
sp>eed of 3000 miles per houi' and altitudes of 50,000 and 100,000 feet 
were chosen for the rocket engine. The ccmpai'ison is shown in figure VI -8 
for the rocket, the ram- jet, the turbo- ram- jet, and the turbojet engines 
in a plot similar to that of figure VI-7. The disposable load is slightiy 
higher for the rocket than for the ram jet but the initial propellant 
rate has bepn increased with a consequent decrease in i-’ange. The rocket 
engine therefore would have applications in high-speed, short-range 
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airplanes where low engine weight, compactness, and simplicity of the 
engine are at a premium and propellant consumption is a secondary 
consideration. 

In addition to the ability of the rocket engine to provide pro- 
pulsion outside the earth's atmosphere, the rocket is unique in pro- 
viding enormous amounts of thrust from a simple and compact unit, and 
thus is applicable in cases such as powering artillery- type projec- 
tiles, missiles such as the V-2, and auxiliary power for airplanes, 
pilotless aircraft, and missiles. 
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Figure VI-1, - Dlagraiumtlc sketch of the rocket-propulsion 

principle. 
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Figure VI-2, - Specific impulse, a function of the propellant system. 
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Figure VI— 3. — Comparison of theoretical values of specific Impulse 
I and product of specific Impulse and density of propellant 
for several liquid propellants. Pressure ratio, 20, 
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Figure VI-4. - Variation of velocity at end of power and corresponding 
range of a rocket-powered projectile with specific Impulse and ratio 
of propellant weight to gross weight. Ballistic trajectory; drag 
neglected. 
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Flgvire VI-5, - Variation of thrust per unit engine weight with alti- 
tude for two values of specific Impulse. 
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Figure VI-6. - Variation of thrust per unit engine frontal area and 
thrust specific propellant consumption with altitude for two values 
of specific Impulse. 
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Figure Vl-g. - Comparison of load-range characteristics of rocket, ram- Jet, turbo-ram- Jet , and turbojet engines at supersonic flight speeds. 
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DISCUSSION OF POSITION OF SIX AIECRAFT -PEOPULSION 
SYSIF^B IN SPFFD-EANGE SPECTEUM 

The tlirust per unit engine frontal area, thrust per \mit engine 
weight, specific fuel consumption, load- carrying capacity, fuel- 
consumption rate per ton -mile, and range for the various power plants 
analj^zed are discussed in detail in the individual parts of this 
report. In this section a recapitulation is made of the performance 
of the various propulsion systems on the oasis of their position in 
plots of disposable load against fuel rate per ton-mile and range . 

Each point in these plots is a design point, that is, the engine is 
assumed to he designed specifically for the operating conditions 
corresponding to that point. 

The disposable load per pound of airplane gross weight is plotted 
against initial f^iel rate per ton-mile (based on gross weight of 
airplane) in figure D-1 for subsonic flight for two cases: 

(a) Constant lift-drag ratio condition: A constant lift-drag 

ratio of iS for the airplane (minus nacelle) was assumed at all 
flight conditions (fig. D-l(a)). 

(b) Limiting wing-loading condition: A lift -drag ratio of I8 

was assumed only for flight conditions for which the resulting wing 
loading is 80 pounds per square foot or less; for other flight con- 
ditions, the value of the lift-drag ratio was reduced to give a wing- 
loading value of 80 pounds per square foot (fig. D-l(b)). The values 
of lift -drag ratio for this case are shown in figxure D-2. 

The disposable load in figure D-1 includes the wei^t of fuel 
plus tanks and the pay-load weight. The values on the K x range scale 
shown were obtained bj’’ computing the ratio of the disposable load to 
the initial fuel rate per ton-mile mviltiplied by a factor of 20CT0 
pounds per ton to correct for the difference in units between the 
ordinate and abscissa and divided by 1.1 to adjust the range for the 
weight of fuel tanks. The factor K corrects for the variation in 
fuel rate per ton-mile dxiring the fli^t. It is defined as the ratio 
of the average to the initial fuel rate per mile per ton of initial 
gross wei^t. The value of K depends on the flight plan and the 

gross weight of the airplane at the start and at the end of flight. 

It may be computed for a large number of flight plans by means of 
equation (A9) of the appendix. Illustrative values of K, determined 
from the Breguet range equation (equation (AI3)) in which it is 
assumed that the fli^t is made at a constarj.t lift-drag ratio and con- 
stant specific fuel consumption (Ib/hp-hr), are shown by the curve 
on the left side of figure D-1. From the abscissa of this graph, the 
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va3.ue of K corresponding to & value of the ordinite equal to the 
ratio of the fuel load consumed in fli^t to the initial gross wei^t 
of the airplane can he read. 

Illustrative curves are shown for the compound, the turhine- 
propeller, the turhcjet, and the turho-ram-* Jet engines. The cui’ves 
for the turtine -propeller ejid compound engines overlapped and to 
avoid confusion the parts of the curves of each engine ware deleted 
in the region where that engine gave lower disposahle load than the 
other for the same flight speed and fuel rate per ton-mile. The max- 
imum range at each operating point is obtained when the total dis- 
posable load is assumed to be fuel. The value of K x range corres- 
ponding to this condition is obtained by drawing a straight line 
tlrrough the origin .and the desired flight condition to the K >< range 
scale. Such a line is illustrated in figure D-l(a) for the compound 
engine at a flight speed of 200 miles per hour and an altitude of 
30,000 feet. It is noted that for these conditions the value of 
K X range is approximately T^iOO mi'’.eSv By reading horizontally 
from the value of the ratio of disposabl.e load to gross weight, n 
value of K of 0.74 is obtained from the curve on the left side of 
the figure. When this value of K is divided into K x range, it 
gives the value of range of 10,000 miles. For a shorter range it is 
possible to carry a pay load and the division between fuel and pay load 
can be read from this figure. For example, for a value of K x range 
of 2000 miles, as illustrated in figure I)-l(a), the vertical distance 
from the point corresponding to a desired flight condition to the 
line that comects K x range = 2000 to the origin is the pay load 
per pound of gross weight, and the remainder of the vertical distance 
to the abscissa is the fuel load (including tank) in pounds per pound 
of gross weight. The value of K is determined from the left-hand 
curve corresponding to this value of fuel load (including tank) per 
airplane gross weight. Fuel reserve for emergency must, of course, 
be deducted from the pay load. 

The structural weight and the engine weight per unit of initial 
gross weight of the airplane can also be read from figure D-lc The 
distance from unity to 0,6 represents the structural weight per unit 
gross weight because it was assumed in the preparation of this chart 
that the structural weight per unit gross weight was 0.4. The verti- 
cal distance from the structural weight line (0,6 ordinate in fig. D-l) 
to any desired operating point gives the value of the installed engine 
weight (including propeller for the propeller -type engines) per unit 
of airplane gross weight. 

The effect of a change in the assumptions with regard to the 
structural weight or the engine weight can readily be seen in this 
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figure. For example, if the structural weight per unit gross weight 
is decreaseci. from 0.4 to 0.3, the impro'vement is directly reflected 
as an equal increase in disposable load,' that is, each pcint in fig- 
ure D-1 is raised by an amount of 0.1. 

The effect of a reduction in engine weight is introduced by 
reducing the vertical distance from the operating point to the struc- 
tural weight line (0,6 in fig. D-l) by an amount equal to the per- 
centage I’eduction in installed engine weight. It is noted that for 
the compound engine and the turbine -propeller engine a reduction in 
weight at high flight speeds has e. greater beneficial effect on the 
range of the airplane than the same percentage reduction in engine 
weight at a low flight speed. The effect of a 40-percent reduction 
in weight of the turbine -propeller engine (including propeller) at 
a flight speed of 500 miles per hour is illustrated in figure D-l(b) 
by the dashed curve labeled A, which was obtained by moving the 
solid curve for 500 miles per hour for this engine vertically in the 
manner just described. 

The effect of a change in specific fuel consumption from the 
values used in the preparation of figure D-l can be Introduced by 
changing the abscissa values proportionally to the change in specific 
fuel consumptions. The values of engine weight per unit thrust and 
specific fuel consumptions used in the preparation of the summary 
figures can be obtained from the individual parts of this report. 

The effect of a change in lift drag ratio L/D (airplane minus 
nacelles) can be indicated in figure D-l for any given operating 
point by moving the point along a line passing through the operating 
point and point X (located at the coordinates abscissa = 0, ordin- 
ate = 0.6) on the basis that the distance of the operating point 
from point X is inversely proportional to the value of L/D. The 
points in figures D-l(a) and D-l(b) at the same operating condition 
for a given engine therefore fall on a common line passing through 
point X. 

The effect of change in the ratio r of nacelle drag to engine 
thrust can be indicated in a similar manner on the basis that the 
distance from the operating point to point X is invei'sely propor- 
tional to 1 - r. For example, the effect of shifting to a completely 
submerged installation (r = 0) can be obtained by moving the oper- 
ating point in figure D-l toward point X a distance proportional to 
the corresponding value of r used in the preparation of figure D-l. 
The values of r corresponding to the operating conditions of fig- 
ure D-l can be obtained from the curves in the individual parts of 
this report. Points B, C, and D in figure D-l(b) were obtained in the 
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manner jtist descrilDed and illustrate the effect of a shift to a com- 
pletely submerged installation for the corapotmd, turbojet, and turbine - 
propeller engines, respectively, for the lii^iest speed shown for each 
of these engines at the best altitude, as shown in the following table: 


Point 

Engine type 

Speed, mph ^ 

Altitude, ft 

B 

Gompo’jnd 

500 

40,000 

C 

Turbine propeller 

500 

30,000 

D 

Tm-bojet 

550 

50,000 


The importance of submerging the engine for high-speed flight is 
evident . 

Examination of equations (A5) -and (A?) reveals the basis for the 
foregoing discussion on shifting the position of the curves in figure D-1. 

For high flight speeds at low altitude, the condition of a con- 
stant lift-drag ratio L/D of 18 (fig. I)-l(a)) imposes wing loadings 
far above the values currently used. The limited wing-loading condition 
(fig. D-l(b)) is in some respects the more practical condition in that 
it takes cognizance of the take-off and landing problems. It should 
be noted, however, that the performance shown in figure D-l(a) for the 
constant lift -drag radio considered is possible even in the high wing- 
loading range if special means are pi-ovided for ta.ke-off, such as take- 
off from a mother ship at high speeds. 

When flight speed is decreased or altitude is increased, a region 
of operation is reached w-here the lift -drag ratio of 18 can be obtained 
with a wing loading of 80 pounds per square foot or less. In this 
region the curves of figure D-l(b) agree with the corresponding curves 
of figure D-l(a). Outside of this region in the case of figure D-l(b), 
the lift -drag ratio must be reduced to meet the wing-loading condition 
with the result that a decrease in disposable load and increase in 
fuel rate per ton-mile is obtained with respect to the corresponding 
flight condition in figiu'e D-l(a). The ven-iation of the lift-drag ratio 
to meet the limiting wing-loading condition is shown in figure D-2. 

The adverse effect of the wing-loading limitation increases with 
increase in s?feed and decrease in altitude . Hence , with the wing- 
loading limitation it is necessairy to fly at hi^ altitudes to achieve 
long range at high speeds . 

It is noted that of the engines considered the compound engine 
provides the lowest fuel rate per ton-mile. The cruise performance 
for this engine (engine speed, 2200 rpmj inlet -manifold pressure, 
ho in. Hg absolute; fuel-air ratio, O.063) was used in the preparation 
of figure D-1. The greatest range shown in figure D-1 for the compound 
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engine occurs at moderate -to -hi ^ altitudes and at the lowest speed 
investigated (200 mph). The ciisposahle load of the compound engine 
decreases and the fuel rate per ton -mile increases as the flight 
speed is increased. For high flight speeds, it is therefore neces- 
sary to replace the ccmpo’jnd engine hy a ligiiter and smaller 
frontal -area engine per unit thrust in order to restore the dis- 
posable ].oad to a high value. In the modei'ate altitude range (that 
is, between 15,000 and 30,000 ft depending on speed), the tiorbine- 
propeller engine shows better perfoimance than the compovmd engine 
at all speeds (fig. D-l). This superiority in performance is the 
result of the lower weight and smaller frontal, area per unit thrust 
of the turbine -propeller engine at these altitudes. 

Because of the i eduction in povrer of the twbine -propeller 
engine with increase in altitude, in contrast to the compound engine 
(v^hich is supercharged) , the weigb.t and the frontal area of the 
turbine -propeller engine per unit powrer exceed that of the compoxmd 
engine at hi^ altitudes. At hij^i speeds it is advantageous to 
operate at high altitudes in ordei- to obtain a high lift-drag ratio 
of the airplane consistent with a limited wing loading (fig. D-2). 
Hence, because it maintains its power to high altitude, the com- 
pound engine is capable of greater range than the turbine -propeller 
engine at hi^ speeds. (Compare for example, the curves for 500 mph 
for the compound engine and turbine -propeller engine in fig. D-l(b)). 

This analysis is based on a consideration of the weights and 
performance of current engines and propellers. The turbine -propeller 
engine is of recent development and large reductions in weight 
per unit thrust may be achieved in the future. Special propellers 
may be developed that will provide higher efficiency at high speed 
than the propeller used in this analysis. When these improvements 
are realized the turbine -propeller engine may be suitable for 
much higher speed operation than indicated in the present analysis. 
For example, the dashed curve in figure D-l(b) labeled A shows 
the performance that may be obtained at 500 miles per hour if the 
weight of the txirbino -propeller engine (including propeller) is 
reduced 40 percent. This analysis is limited to a discussion of 
the engines on the basis of pi-esent performance and weights, and 
no attempt is made to predict such future possibilities. 

For both engines utilizing propellers, the disposable load per 
ton of gross wei^t decreases rapidly and the fuel rate per ton- 
mile increases with an increase in fli^t speed. The fuel rate per 
ton-mile for the turbojet engine, however, decreases with increase 
in fli^t speed because of the attendant increase in propulsive 
efficiency. For very high speeds (550 mph and higher), the range 
with the turbojet engine for the limiting wing-loading condition 
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(fig. ©- 1 ( 13 )) exceeds that for the engines utlllzirig propellers. As 
compared with the compound and tur’hlne -propeller engines, the weight 
and the frontal area per unit thrvxst of the turho.let engine is low; 
hence, the disposable load per unit gross airplane weight is high. 
For short range operation at hi^^ speed, the load -carrying capacity 
of the turbo,1et engine is therefore greater than for the two engines 
using propellers. 

In the case of the turbojet engine with constant lift-drag ratio 
(fig. D-l(a)); the range is nearly independent of altitude; whereas 
the range decreases rapidly with decrease in altitude with the wing- 
loading limitation 80 pounds per square foot (fig. D-l(b)), For a 
constant altitude of 30,000 feet, it is noted in figure D-l(b) that 
as speed is increased the range first increases, reaches a maximum 
at a flight speed slightly greater than 400 miles per hour, and then 
decreases with further increase in flight speed. The increase in 
range with flight speed up to the maximum range is the result of the 
increased propulsive efficiency of the jet engine with speed. Maxi- 
mum range occurs at the point at which the reduction in lift-drag 
ratio introduced by the wing-lo£iding limitation offsets the increase 
in propulsive efficiency. The reduction in range with increase in 
speed beyond this point is the result of the further reduction in 
the lift-drag ratio required to meet the limiting wing-loading con- 
dition. At an altitude of 50,000 feet, the lift-drag ratio of 18 
does not res\ilt in the wing-loading limitation being exceeded at any 
speed over the range shov/n and there is a progressive increase in 
range with increase in speed . 

The turbo-ram- Jet engine provides a small increase in disposable 
load with respect to the turbojet engine again at the cost of an 
appreciable increase in fuel rate per ton-mile, with the result that 
the maximum raiige is less than that of the turbojet engine. The 
turbo-ram- Jet engine can be converted to a turbojet engine merely by 
shutting off the fuel flow to the tail pipe and adjusting the exit- 
nozzle area. The tail-pipe burner can be turned on when boost power 
is desired. The tijrbo-ram-Jet engine shows a decrease in fuel rate 
per ton -mile and an increase of range with increased flight speed. 

The resiilts of the analysis at supersonic speeds for a turbojet 
engine, a turbo-ram- Jet engine, a ram- Jet engine, and a rocket engine 
are summarized in figiure D-3- In the case of supersonic flight, the 
frontal area was kept at a minliaum. The fuselage volvune was taken 
as that sufficient to house the disposable load, on the assumption 
that the entire disposable load has the denisty of fuel; the drag of 
the fuselage was computed in each case on this basis. The rocket 
engine was assumed to be located in the rear of the fuselage; whereas 
the other engines were assumed to be housed in separate nacelles in 
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the wjng and the drag of the nacelles was taken into account. The 
wing was assumed to have a constf.mt lift-drag ratio of 7* The ratio 
of the structural weight to gros.s weight was taken as 0.3- 

The maximum I’ange, as in the previous figures, is obtained hy 
drawing a straj^at line from the origin through the operational 
point desired to the K x range scale. The value of K for the 
supersonic airplanes is close to unity (between 0.9 1-0 for 

most points in fig. D-3) ’because the wing drag in the range of con- 
ditions shown is small compared with the simi of the fuselage and 
nacelle drag; hence, there is little change in drag of the airplane 
with consumption of fuel and little change in tlie fuel rate per 
mile experienced during a given fligiit. For any range less t’nan the 
mai:imum range, the pay load can he determined in the manner described 
in the discussion of figiu-e D-1. The structura.1 weiglit and the 
engine weight can be read from figure D~3 ir* the manner described 
for figure D-1. The rsiuarks on the determination of the effects of 
variation of structural weight and., engine weiglit made in connection 
with figure D-1 are approximately true for figure D- 3 . 

For the turbojet engine, the fuel rate per ton-mile decreases 
with increase in altitude, but does not change greatly with speed 
for a constant altitude for the range of conditions shown in fig- 
ure D- 3 . The disposable load, however, increases id.th speed. For 
each point in figure D-3, the pressure ratio of the turbojet engine 
was taken as that value which gave the maximum thrust pel- unit air 
flow. The compressor pressure ratio decreased with increased speed 
and approached the value of 1.0 at 1400 miles per hour. At this 
speed the turbojet approached a ram jet in operation; however, the 
combustion-chamber temperature limit was maintained at 1540 F . 

In the turbo-ram- jet engine by b'jrning additional fuel in the 
tail pipe to temperatiu’es much higher than 1540° F, it was possible 
to obtain considerably more thrust per unit engine wei^t and hence 
the disposable load increased over that of the turbojet. In this 
engine the compressor pressure ratio was likewise chosen to give 
maximum thrust per unit of air flow and decreased with increase in 
flight speed. The compressor pressure ratio approached a value of 
1.0 at a flight speed of I 8 OO miles per hour and at this speed the 
turbo -ram- jet engine approached a ram jet in operation. 

In the case of the rim- jet engine, the range increased with 
increase in flight speed and altitude for conditions investigated. 

A number of flight speeds and altitudes are considered in the sec- 
tion on the ram jet. In order to avoid confusion, only one fli^t 
speed (2000 mph) is shown in figure D*3; the location of the points 
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at 30,000 and 50^000 feet are indicated. It is noted that the ram- Jet 
engine gives better performance than the turho-ram- Jet or the tui’hojet 
engine and is approached by only the trorbo-ram- Jet engine when that 
engine approaches a ram Jet in operation, that is, when the compressor 
pressuie ratio approaches 1.0. The ram- Jet engine has the disadvantage 
that at talce-off the thrust is zero. The turbo-ram- Jet engine has 
the advantage of providing good performance at high speeds and having 
appreciable thrust to assist in take-off. 

The performance of the airplane equipped with the rocket engine 
varies with altitude and fli^t speed and is discussed in detail in the 
section on the rocket engine. One curve for a flight speed of 3^00 miles 
per hour is shown in figure I ) -3 with the points for 100,000 and ^0,000 
feet indicated. Because of its ligl'.ter wei^it per unit thrust but 
higher specific propellant cons'jiaption, the rocket engine provides a 
sli^tly higher disposable load but considerably shorter range than 
the ram- Jet engine. The rocket engine cannot compete with other engines 
on the basis of long-range airci-aft operation, but it d.oes have appli- 
cation f or short-range operation where iPs simplicity and li^tness of 
weight are important considerations. 

In conclusion, it is again emphasized that these charts are not 
intended to be applied to the general selection of power plants for 
specific aircraft design, problejjis, but are intended merely to provide 
perspective. For anj' specific aircraft design problem, a separate 
analysis is required with assumptions and conditions that accurately 
apply. 


Fli^t Propulsion Research Laboratory,* 

Rational Advisory Committee for Aeronautics, 
Cleveland, Ohio, April 21, 19^7* 
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Flg’ore D-1. - Performance spectrum for subsonic flight. 
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Fig. D-2 



Figure D-2, - Variation of lift-drag ratio of airplane (minus 

nacelles) with flight speed and altitude for limiting wing loading 
of 80 pounds per square foot (Cj) q = 0,019, L/E^^ = 18), 
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APPENDIX - GENERAL ASSUMPTIONS 

In order to insure a fair comparison of all the engine types 
considered, components used by more than one engine were assumed 
to have equal efficiencies on each of the engines . For example, 
for all the engines, the inlet diffuser was assumed to recover 
90 percent of the dynamic pressure in the subsonic speed range; 
in the supersonic speed range, the ratio of the total pressxure at 
the diffuser exit to the total free-stream total pressure Pj[/^0 

was assumed to vary with Mach number Mg in the following manner: 
Mg 1.0 1.5 2.0 2.5 3.0 3.5 

Pj^/Pq 0.960 0.957 0.937 0.877 0.802 0.717 

The nacelle drag in the subsonic speed range was baaed on 
maximum nacelle cross-sectional area and the drag coefficient Cj) 
varied with Mach number Mg in the following manner: 

Mg 0.2 0.4 0.5 0.6 0.7 

Cj) 0.0556 0.0556 0.0560 0.0580 0.0655 

In the supersonic speed range, the nacelle drag was evaluated 
by considering the drag as composed of two components, one due to 
skin friction and the second due to wave formation. The skin- 
friction drag coefficient was assumed to have a value of 0.003 
based on wetted area and the wave drag was found as the product of 
the incompressible velocity head q, twice the maximum cross- 
sectional area minus the nacelle-inlet and the nacelle-exit area, 
and the wave-drag coefficient Cjj j, values of which are given in 
the following table : 

Mg 1.0 1.2 1.5 2.0 2.5 3.0 3.5 

Cp j 0.10 0.129 0.106 0.086 0.074 0.064 0.054 

For the propeller engines, the propeller efficiency T)p was 

assumed to vary with fli^t Mach number Mg in the following 
manner : 

Mg .0.2 0.4 0.6 0.7 0.8 

T\^ 0.85 0.85 0.85 0.82 0.70 

Jtr 

The propeller weight was assumed to vary with engine shaft 
power, fli^t velocity, and altitude, where a sufficiently large 


60 


NACA TN No. 1349 


propeller was provided to attain tlie propeller efficiencies listed 
in the preceding table. For the high-velocity, low-altitude cases, 
these propellers are probably inadequate for take-off conditions. 
For a shaft output of 2000 horsepower, the follovring propeller 
weiglits were used; 


Altitude 

(ft) 

Flight speed!. I 

(Biph) I 100 j 

1 

! 200 

1 

1 

300! 

1 

1 

! 400 

500 

1 Propeller wei^t 

i 

0 

1 

11090 

i 

1 

820 

1 

593 

442 

300 

30,000 

1 

1 

1810 

1315 

970 

660 

50, 000 

-i 


2740 

2000 

1360 


For other shaft powers, the propeller weight varied as 

the 0,8 power of the shaft power 


Pil 

2 



(Al) 


For all turbine -tjT)© engines, a compressor efficiency of 85 per 
cent and a turbine efficiency of 90 percent were used. ‘The effi- 
ciencies were based on total temperatures and pressures. The steady 
flow combustion chambers used in turbine-type engines were assumed 
to be 95 percent efficient, and the tail-pipe burner of the turbo- 
ram- jet engine and the ram- jet combustion chamber were assumed to 
be 90 perbent efficient. 

In determining the perfoimiance of aircraft using the various 
engines, several assumptions had to be made concerning the aircraft 
itself. The aircraft gross weight was considered to consist of 
engine weight, fuel wei{^t, structural weight, and pay load. The 
engine weight was assumed to include engine accessories and propel- 
ler. In the subsonic case, the structural weiglit, which included 
nacelles and control -equipment weight but not fuel tank wei^t, 
was assumed to be 40 percent of the gross airplane weight. The 
tank wei^t was assumed to be 10 percent of the fuel wei^t. The 
maximum lift -drag ratio of the subsonic airplane (minus nacelle 
drag) was assumed to be 18. In cases where the wing loading was 
limited to 80 pounds per square foot, the lift -drag ratio for any 
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operating condition was found aasuning the profile-drag coefficient 
of the aircraft less nacelles to be 0.019^ while the maximum ll.ft- 
drag ratio for bhe aircraft remained at 18. This is equivalent to 
the assumption of an. effective aspect ratio of 7.84. For these 
assmptions, the lift-drag ratio can be maintained at 18 for fli^it 
conditions with a value of q less than 117.0 pounds per square 
foot with the wing loading below 80 pounds per square foot. For 
hitler valu.es of q, the wing loading was neld constant at 
80 pounds per square foot aud bhe lift -drag ratio was reduced 
below 18 in accordance w^ith the following equation: 

i = 0.0002375 q + — ~ (A2) 

L/D q 

With these assumptions as to the aircraft characteristics and 
with a knowledge of engine perfoi-mance^ aircraft load-range 
characteristics may be found. The disposable load per unit nacelle 
frontal area is 


Wd Wg - We - Wg 0.6Wg - We 
A A “A 


(A3) 


where 

A nacelle fix)ntal area, sq ft 

W|j^ total disposable load, lb 

Wg gross weight of airplane, lb 

Wq power-plant weight (inclMing propeller), lb 

Ws structural weight of airplane, 0.4 Wg, lb 

The aircraft gross load per unit nacelle frontal area is 

y_g _ (F - Dn) L/D 
A ” A 

where 

F net thrust of engine, lb 
Dn nacelle drag, lb 

L/D lift -drag ratio of airplane without naceli.es 
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From equations (A3) and (A4), the ratio of disposable to gpross 
load is 



(A5) 


which deteminea the ordinate of the suhsonic load -range curve. 


The ahscisaa is found as follows: 


"T” = w; 


(A6) 


vhere 

w^' initial fuel rate, Ih/mile 
•W|. fuel flow, Ib/hr 
Vq flight speed, mph 

From equations (A4) and (AS), the abscissa of the load-range 
curve is 

S V^l - |^)(l/D) 

Wlien all of the disposable load is considered as fuel and tank load, 
the range is a mazimiim and this indicated maximum range is dotemined 
as the ratio of the ordinate to the abscissa on the load-range curve, 
with a factor of 1.1 included to account for tank weight. The range 
factor KE is obtained from equations (A5) and (A7) as 

KE = — - miles (AS) 

Wf /Wg 1.1 

An exact evaluation of which is the ratio of the average 

to initial fuel rate per mile per ton initial gross weight, involves 
the complete fli^t plan as well as the engine and aircraft char- 
acteristics. If it is assumed that the thrust power specific fuel 
consumption of the engine and the drag -lift ratio oi the airplane 
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vary linearly with the airplane groea weighty the general value 
of K in terms of initial and final conditions can be derived; 




loge 


AW 

fo/ 


-£ 

h . 

^’AW (D/tjo 


+ 


loge 


(I>/L)q 


a(d/l) , (i*/-)o Afli , 
Td7l")0l ■ aTi),^ fojh" 


Adv'iT Wq 

-J 


(A9) 


where 

(D/l)q initial drag-lift ratio, Ih/lh 
(D/l)]_ final drag-lift ratio, Ib/lb 

A(D/l) (D/Dq - (D/l)i, Ih/lh 

f„ initial thrust power specific fuel consumption, 

lb fuol/thrust hp~hr 

f]_ final t.hrust power specific fuel consumption, 

lb fuel/ thrust hp-hr 

Af fQ — f]^, lb fuel/thi-ust hp-hr 

Wq initial aircraft gross weight, lb 

W]_ final aircraft gross weight, lb 

AW fuel burned = Wq - Wp, lb 

If the drag-lift ratio and the thrust power specific fuel 
consumption remain constant during the flight equation (A9) 
reduces to 


K = 


AW 



\ 



which would also follow from the Breguet range eqtiation. 


(AlO) 
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If equivalent values used in the analysis are substituted in 
this equation, the siiaplified K as used on the load-range curves 
is found. 


(AU) 

all fuel and tanks 
^0 = 


I 1 

-loBe 

It is to he noted that AW is not equal to W^j. This is because 
the fuel tank wei^t was included in the disposable load; but inas- 
much as the tanks were not considered expendable, AW was taken 
as equal to the fiiel load only W^j . The value of K computed 

from equation (A13) is pl.otted to the left of the ordinate W^/Vf^ 
for all subsonic load-range figures. 

For conditions where less than the maximum range is required, 
all of the disnosable load is not used for fuel and tanks. In 
these cases, the ratio of fuel plus tank wei^it to initial gross 
weight is equal to K x range times the ratio of initial fuel 
rate per mile to the initial gross wei^t. 

This value can be obtained graphically on the load-range plot 
by drawing a vertical line through the operating point and another 
strai^t line Joining the origin to the desired value of K x range. 
For this range, the vertical distance from the intersection of 
these two lines to the abscissa gives the desired value of fuel 
(plus tank) weight per unit initial airplane gross wei^t. The 
K curve previously described is entered at the ordinate of this 
intersection to determine the corresponding value of K. 

In the supersonic case, the structural weight (less tank 
weight) was assumed to be 30 percent of the gross weight and the 
fuel-tank wejght to be 10 percent of the fuel weight. The lift- 
drag ratio of the supersonic wing (L/D)^ was assumed to be 7, 

and the fuselage drag was calculated in the same manner as the 


anlcs 


(A12) 


(A13) 


where the disposable load is 
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supersonic nacelle drag. The fuselage size was determined by 
making the fuselage large enough to hold the maximum amount of 
fuel that could he carried at each operating condition. The 
fuel was assumed to have a density of 50 poiirids per cubic foot 
for the turbine engines^ 45 pounds per cubic foot for the ram 
Jet, and 62.4 pounds per cubic foot for the rocket. The fuse- 
lage volume was found by assuming the fuselage to be a cylinder 
with conical ends with an included ang].e of 20°, the over-all 
fuselage fineness ratio being 12. For control volume in all 
supersonic cases, 2 cubic feet per ton of aircraft was allowed 
in the fuselage. 

With these assumptions as to the aircraft characteristics 
and with known engine performance, the aircraft load-range 
characteristics can be found. The disposable load of the air- 
craft is 

% = Wg - We - Wg = 0.7 Wg - Wg (A14) 

The gross wei^t of the aircraft is 

Wg = (L/D)^ (F - Dg - Df ) = -0^ (A15) 

where is a drag due to the fuselage and is found by the fol- 

lowing equation: 


/W^ Wa + We\2/3 / 

% = — 7 0 0— j (°-^528 Cd^i + 8.34 (A16) 

where 

p 

incompressible dynamic pressure (l/2 p Vq ), Ib/sq ft 

pj fuel density, Ib/cu ft 

Cj),i wave-drag coefficient 

Cj) j. skin -friction drag coefficient, 0.003 

Wd 

The term — in equation (A16) is the volume of fuel required 

Pf 

^ . '^d + ^^e 

and the term ■■■ — is the control volume allowed in each case. 
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By conibin?’,ng oqnafelona (A15) and (A16), an equation involving 
only the engine i 73 ight and the disposatle load can he found from 
which it is poas'’.b]e to determine the disposaole load hy trial -and- 
error solution 






-j (0.4528 Cj) J + 8.34 Cp^jp) 




700 


WdJ- We 
'0.7 


( 

} 

(A17) 


With dienoaahle load kno^m, the gross weiglit can he calculated and 
the fuel rate per ton -mile then determined as in the auhsonic case. 
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